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General introduction
Previous studies and brief background information
The mammalian and especially the human neocortex is very complex. It has a multi-laminar 
structure and consists of  up to six laminae which go through an inside-out development with layer 
6 being the oldest and innermost lamina. Cortical laminae are hierarchically organized. In 
particular, sensory cortices show  further a functional organization within cortical columns, e.g. in 
the somatosensory and visual cortex. Overall, the cortex comprises very heterogeneous neuronal 
cell populations of  excitatory projection neurons and interneurons. Both cell classes show  highly 
diverse intralaminar and translaminar connectivity. Those connectivities depend on the laminar 
position as well as on the presynaptic and postsynaptic neuronal cell morphology (Mountcastle 
1957; Hubel and Wiesel 1962; Mountcastle 1997; Callaway 2002; Thomson and Morris 2002; 
White 2002; Ascoli et al. 2008; Brown and Hestrin 2009). 
In our study we used the primary somatosensory rat barrel cortex as a model system because of 
its columnar organization. The barrels in neocortical layer 4 show  a distinct somatotopic 
representation of  the sensory periphery. For the processing of sensory information three main 
circuitries within the barrel cortex are responsible, i.e. the ‘canonical’ lemniscal pathway, the 
paralemniscal pathway and the thalamocortical-corticothalamic feedback loop (Woolsey and Van 
der Loos 1970; Lübke and Feldmeyer 2007).
Aims of this study
In the past decades of research many studies have contributed to the deciphering of  the complex 
cortical circuitries of  the primary sensory cortices of mammals as described above. However, little 
is known about the functional, structural and molecular properties as well as the synaptic 
connectivity of  the oldest and innermost layer, i.e. layer 6B in the rodent S1 cortex. To better 
understand the role of  this cortical lamina we studied its highly diverse neuronal morphology and 
physiology apriori by single whole-cell patch-clamp recordings and simultaneous biocytin tracer 
injection. Thus, we want to find all appropriate morphometric and physiological parameters which 
lead to a distinct excitatory neuronal cell classification of the heterogeneous layer 6B cell 
population. Furthermore we investigate two putative layer 6B pyramidal subtypes which could be 
analogous to the corticocortical and corticothalamic pyramidal neurons in layer 6A.
Additionally, we made a morphological comparison between subplate and layer 6B neurons to 
investigate the origin and destination of  layer 6B during corticogenesis and adulthood. We tried to 
verify the hypothesis that layer 6B is - at least in part - a remnant of  the developing subplate. 
Regarding the forkhead-box protein P2 (FoxP2), we found a marker protein to identify the 
developmental similarities and differences between subplate and layer 6B neurons. We combined 
whole-cell recordings with additional immunofluorescence studies to investigate which layer 6B cell 
types express the FoxP2 protein. Regarding the cortical wake state, we performed some 
neuromodulation studies with dopamine in layer 6B neurons. Altogether, we examined the 
neuronal microcircuits of layer 6B by dual whole-cell recordings as well. The aim of  the study was 
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to find out which cell-to-cell connections exist in layer 6B and their role in the main cortical 
pathways of the primary sensory cortex.
Chronological preview about this work
This study is a description of  neocortical layer 6B and its principal neuronal components. Thus I 
want to present my research of  the last three years on the intralaminar and translaminar 
microcircuits involving excitatory and inhibitory neurons in layer 6B of  the somatosensory rat barrel 
cortex. This work is composed of four chapters in which I will report the morphological, 
electrophysiological and immunofluorescence properties of  layer 6B neurons. We classified both 
single L6B neurons as well as L6B connections with respect to their morphology, physiology, a 
possible FoxP2 expression pattern as well as their synaptic connectivity to gain further information 
about this lamina and its role in cortical circuitry in the early postnatal, adolescent and adult brain. 
All materials, equipment and installations used for our studies are mentioned in the appropriate 
chapters and are further summarized in the List of Materials.
In the beginning of  this project only little was known about the systematic and quantitative 
constitution of the heterogeneous neuronal cell population of neocortical lamina 6B. Due to a 
quantitative study of  the morphological and physiological properties of L6B neurons upon 
morphometric analyses, e.g. polarity profiles and density maps of  the somatodendritic and axonal 
structures, it was possible to obtain a distinct clustering of the heterogeneous L6B cell population. 
This work has been recently published in Cerebral Cortex (Marx and Feldmeyer 2013; see 
Chapter 1). Using whole-cell patch-clamp recordings and simultaneously filling L6B neurons with 
biocytin we provided for the first time a distinct morphological and physiological clustering of L6B 
neurons. We could identify three distinct main clusters (C1-C3) of excitatory neurons aged 
postnatal days 11-25 (P11-25). Cluster C1 contains exclusively pyramidal neurons which had an 
apical dendrite projecting towards the pial surface. Cluster C2 reveals neurons with a prominent 
‘apical’-like dendrite not oriented towards the pial surface and cluster C3 contains neurons without 
any preferential dendritic orientation termed spiny multipolar neurons. Within the second cluster a 
further subdivision was possible due to the orientation of the main ‘apical’-like dendrite, i.e. (C2a) 
inverted, (C2b) ‘tangentially’-oriented and (C2c) ‘horizontally’-oriented neurons. Further, we 
suggest that two subtypes of  pyramidal neurons exist. Regarding their axonal domain, pyramidal 
neurons with a more barrel-column confined and a more extended axonal field could be further 
identified. We termed these L6B subtypes as intracolumnar pyramidal cells (iPC) and 
transcolumnar pyramidal cells (tPC; see also Marx and Feldmeyer 2013), analogous to the 
corticocortical (CC) and corticothalamic (CT) neurons in layer 6A. In additional studies (see also 
Chapters  2, 3 and 4) we achieved always a comparable neuronal cell clustering of L6B neurons in 
early postnatal (P4-10) and more mature and adult (P25-35) brain tissue.
The subplate (SP) plays an important key role during cortical neurogenesis and has been 
described as a very heterogeneous neuronal lamina. Therefore, we suggested that layer 6B with 
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its neuronal heterogeneity is highly similar to the multiple neuronal cell types of the SP. We 
hypothesize that SP neurons might persist as L6B neurons into adulthood. Therefore, we began a 
collaboration with the group of Professor Luhmann from the Johannes-Gutenberg University in 
Mainz who is an expert on the functional role of the SP. In this project we planned to analyze SP 
neurons of  the somatosensory cortex aged P0-4 with respect to their structural properties. In this 
developmental study we provide a first-time comparison of the neuronal morphology of the SP and 
of layer 6B (Chapter 2). SP neurons were equally clustered and revealed five distinct neuronal cell 
types with (C1a) pyramidal-like, (C1b) inverted, (C1c) ‘tangentially’-oriented, (C1d) ‘horizontally’-
oriented and (C2) multipolar SP neurons. Thus both heterogeneous layers, the late prenatal and 
early postnatal SP as well as the late postnatal and adult layer 6B, consist of five distinct neuronal 
cell types whose relative fraction changed with increasing age. Pyramidal cells were more 
prominent in layer 6B than in the SP while non-pyramidal cells were less frequent. However, 
inverted neurons remained almost constant. The high morphological similarities between the SP 
and layer 6B suggests that layer 6B consists of a mixture of newborn pyramidal neurons and non-
pyramidal neurons which persist, at least in part, from the developing SP into the adult brain.
The expression of  the forkhead-box protein P2 (FoxP2) has been shown to be localized mainly in 
cortical layer 6. However, little information about the FoxP2 expression in the early postnatal and 
adult rat cortex is available and nothing is known about the FoxP2 expression on the neuronal cell 
level. As a further step in the characterization of layer 6B we decided to analyze the FoxP2 
expression pattern and distribution in cortical and subcortical brain regions of the rat brain 
(Chapter 3). We found that FoxP2 is exclusively expressed throughout neocortical lamina 6 and in 
different subcortical brain regions, e.g. in the caudate putamen of  the dorsal striatum and in the 
posteromedial nucleus (POm) and the ventral posteromedial (VPM) nucleus of the thalamus. The 
FoxP2 protein is consistently expressed from late SP stages into adulthood (P4-35). We could 
determine a ratio of FoxP2-positive to FoxP2-negative L6 neurons of 2:1 throughout brain 
development. The FoxP2 expression in layer 6B seems to depend on the neuronal cell type. So far 
only excitatory L6B projection neurons expressed the FoxP2 protein. Thus, L6B pyramidal neurons 
were consistently found to be FoxP2-positive. All other non-pyramidal excitatory neurons like 
inverted, tangential, horizontal and multipolar neurons as well as interneurons did not show  a 
FoxP2 expression. However, some inverted L6B neurons were found to be FoxP2-positive as well. 
Furthermore, it has been reported that FoxP2 is co-localized with the dopamine and cyclic 
adenosine 3,5-monophosphate regulated protein 32 (DARPP-32). Therefore, we performed some 
additional neuromodulation studies with dopamine (DA). The resting membrane potential (RMP) of 
all excitatory L6B neurons showed a depolarizing response to DA application. Thus, in our 
preliminary data we could not find a clear correlation between FoxP2-expressing neurons and a 
DA neuromodulation.
In the preceding and following studies on the classification and deciphering of  layer 6B we want to 
investigate L6B connections as well. To our knowledge L6B-to-L6B and L6B-to-L6A connections 
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have not been studied so far and no information about these connections and their role in the 
fundamental microcircuits of the cortex is available. Accordingly, we also studied the synaptic 
connectivity of L6B neurons by whole-cell patch-clamp paired recordings (Chapter 4). However, 
this study is at a very early stage and extremely preliminary. Until now, we found one monosynaptic 
L6B-to-L6B connection between two multipolar L6B neurons showing a short-term facilitation. 
However, the neuronal connectivity in layer 6B is yet very low, i.e. ~1.4%. In addition, we also 
found a polysynaptic L6B connection between two short L6B-L6A pyramidal neurons. 
Monosynaptic connections with paired-pulse facilitation as well as an intense polysynaptic 
neuronal network have been reported for intralaminar SP neurons. Thus we suggest that also 
some functional components might be a remnant from the developing SP. Considering the 
heterogeneous cell types of  layer 6B, there are various intralaminar connection types possible. The 
innervation domain of  the monosynaptic L6B-L6B cell pair as well as the modeled innervation 
domain maps of  putative L6B connections reveal a main innervation zone in local layer 6B and the 
superficial layer 6A of the home and neighboring barrel columns.
A detailed description of the different subprojects of this thesis is given in the subsequent 
Chapters  1, 2, 3 and 4 concerning the heterogeneous structural and functional properties of L6B 
cell types, the developmental comparison of SP and L6B neuronal morphology, the FoxP2 
expression pattern and DA neuromodulation as well as the monosynaptic and polysynaptic 
connectivity of L6B-to-L6B and L6B-to-L6A connections.
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1. Chapter 1 - Morphology and physiology of excitatory neurons in layer 6B of 
the somatosensory rat barrel cortex
Bibliographic note
Within the investigations presented in this thesis, the following research data has been 
published in advance: Marx, M. and Feldmeyer, D. 2013. Morphology and physiology 
of excitatory neurons in layer 6B of the somatosensory rat barrel cortex. Cerebral 
Cortex, 23: 2803-2817. This work has been published in Cerebral Cortex by Advance 
Open Access on the 3rd of September 2012 under the terms of the Creative Common 
Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/3.0/).
1.1. Introduction
Layer 6 is the oldest and innermost cortical lamina. During neurogenesis, neocortical lamina 6 
develops at the same time as the subplate (SP) and is commonly divided by a light plexus of fibers 
into two distinct sublaminae, i.e. the broader layer L6A and the narrow  layer L6B that borders the 
underlying white matter (WM; König et al. 1975; König et al. 1977; Marin-Padilla 1978; Tömböl 
1984; Luskin and Shatz 1985a,b; Ferrer et al. 1986a,b; Valverde et al. 1989; Woo et al. 1991; 
Allendoerfer and Shatz 1994; Zhang and Deschênes 1997; Ohana and Sakmann 1998).
At present, the function of lamina 6B remains somewhat enigmatic and was controversially 
discussed in the last past decades of  research. It has been given various names including lamina 
fusiformis (Vogt and Vogt 1919), layer 6B, deep layer 6(B) or layer 7 (von Economo and Koskina 
1925; König et al. 1977; Marin-Padilla 1978; Reep and Goodwin 1988; Woo et al. 1991; McDonald 
and Burkhalter 1993; DeDiego et al. 1994; Clancy and Cauller 1999), lamina multiformis or lamina 
infima (Rose 1931; Garweg 1970), deep cortical band (Kristt 1979b) or border layer (Hogan and 
Berman 1992), although these definitions are not exactly interchangeable. Sublayer 6B is already 
distinguishable before birth (Valverde et al. 1989) and a fraction of layer 6B (L6B) neurons is 
believed to be a remnant cell population from the developmental SP that may persist partly into 
adulthood (Kostović and Rakic 1980; Reep and Goodwin 1988; Chun and Shatz 1989; Bayer and 
Altman 1990; Woo et al. 1991; Clancy and Cauller 1999; Hanganu et al. 2002; for reviews see 
Torres-Reveron and Friedlander 2007; Friedlander and Torres-Reveron 2009; Kanold and 
Luhmann 2010). Lamina 6B has been analyzed in different neocortical areas of several species 
with respect to its morphological heterogeneity (Kirsche et al. 1973; Tömböl et al. 1975; Feldman 
and Peters 1978; Ferrer et al. 1986a,b; Miller and Potempa 1990; Zhang and Deschênes 1997; 
Clancy and Cauller 1999; Kumar and Ohana 2008; Andjelic et al. 2009; Chen et al. 2009). Only 
few  quantitative studies on the structural and functional properties of  L6B neurons are currently 
available. In addition, the role of layer 6B in processing sensory information and its contribution to 
the intracortical neuronal networks was largely neglected. Here, we investigate the morphological 
and some electrophysiological properties of  L6B neurons using whole-cell voltage-clamp 
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recordings and simultaneous biocytin fillings to characterize neocortical layer 6B quantitatively. We 
present for the first time a detailed analysis of  the dendritic and axonal morphology of excitatory 
L6B neurons of  the adolescent somatosensory rat barrel cortex and propose a classification 
scheme of neuronal subtypes in this layer. Our data suggest that excitatory L6B neurons are an 
integral element of intralaminar and translaminar cortical signal processing (from Marx and 
Feldmeyer 2013).
1.2 Material & Methods
All appropriate materials, equipment and installations used for acute brain slice preparation, whole-
cell patch-clamp recording and subsequent post-hoc staining and embedding techniques as well 
as a guidance for 3D reconstructions can be found in more detail in previously described protocols 
and are mentioned in brief below  (Davie et al. 2006; Debanne et al. 2008; Marx et al. 2012; 
Radnikow et al. 2012).
1.2.1 Brain tissue and acute slice preparation and solutions
All experimental procedures were carried out in accordance with the guidelines of  the Federation 
of European Laboratory Animal Science Association (FELASA) and the German animal welfare 
act. Appropriate permissions for the use of  laboratory animals for acute brain slice experiments 
were obtained from the Northrhine-Westphalian Landesamt für Natur, Umwelt und 
Verbraucherschutz (LANUV). Wistar rats of either sex (Charles River, Cologne, Germany) aged 
17-24 postnatal days (P17-24) were anesthetized with isoflurane (cp-pharma, Burgdorf, Germany) 
and decapitated. The brain was rapidly transferred into an ice-old artificial cerebrospinal fluid 
(ACSF). The ACSF contained (in mM): 125 NaCl, 2.5 KCl, 25 D-glucose, 1.25 NaH2PO3, 1 CaCl2, 
5 MgCl2, 3 myo-inositol, 2 sodium pyruvate and 0.4 ascorbic acid (~310 mOsm). Next, a brain slice 
series of  350 µm thick thalamocortical brain slices of  the somatosensory cortex were made using a 
vibrating microtome (HM 650V, Microm, Walldorf, Germany). Slices were cut at an angle of  45-50° 
to the sagittal line (Agmon and Connors 1991; Feldmeyer et al. 1999; Feldmeyer et al. 2006) and 
incubated at room temperature (RT; 21-24°C) in an ACSF with a low  calcium and a high 
magnesium concentration (i.e. 1 mM CaCl2 and 4 mM MgCl2) to minimize overall synaptic 
transmission. The pipette solution for intracellular recordings contained (in mM): 135 potassium 
gluconate, 4 KCl, 10 HEPES, 10 phosphocreatine, 4 Mg-ATP and 0.3 GTP (pH 7.4, 290-300 
mOsm). A final concentration of up to 5 mg/ml biocytin (Sigma-Aldrich, Munich, Germany) was 
added to the pipette solution for a subsequent labeling of  the patched L6B neurons (Radnikow  et 
al. 2012; see also Marx and Feldmeyer 2013).
1.2.2 Identification of neocortical structures and L6B neurons
Brain slices were placed in a submerged recording chamber and observed with an upright, fixed 
stage motorized microscope (BX51 WI, Olympus, Hamburg, Germany) fitted with 4x Plan/0.13 NA 
and 40x W/0.8 NA objectives. The cortical lamination and L4 barrels are clearly identifiable at 20-
fold magnification (Figure 1-1 A1). In acute brain slices, barrels can be identified as evenly spaced 
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light hollows separated by dark narrow  stripes (Agmon and Connors 1991; Feldmeyer et al. 1999; 
Land and Kandler 2002). L6B neurons were identified at 800-fold magnification (Figure 1-1 A2) 
under infrared light (IR) and differential interference contrast (DIC) optics (Dodt and 
Zieglgänsberger 1990) using transmission bright-field video microscopy (Stuart et al. 1993).
1.2.3 Electrophysiological recordings and analysis
Whole-cell voltage-clamp and current-clamp recordings from L6B neurons were made using patch 
pipettes (between 5-9 MΩ) pulled from borosilicate glass capillaries (Hilgenberg, Malsfeld, 
Germany). Neurons were randomly selected, patched and filled with biocytin for at least 15-20 
minutes. Signals were amplified using an EPC 10 triple amplifier (HEKA Elektronik, Lambrecht, 
Germany), filtered at 3 kHz and sampled at 1-10 kHz. Stimulation protocols were programmed 
using the Patchmaster® software (HEKA Elektronik, Lambrecht, Germany). Neurons were not 
preselected based on their IR-DIC image or firing pattern. Only cells with a stable resting 
membrane potential (RMP) were used in this study. Twelve variables describing the active and 
passive electrophysiological properties (Table 1-1) were measured for each neuron and analyzed 
using custom-written macros in Igor 6 Pro software (WaveMetrics, Lake Oswego, USA; see also 
Marx and Feldmeyer 2013).
1.2.4 Immunohistochemistry, post-hoc staining and morphological reconstructions
We established a reliable protocol for improved biocytin labeling and neuronal 3D reconstructions 
to overcome several limitations of standard post-hoc staining, tissue embedding and 3D 
Figure 1-1. Patch-clamp recording, biocytin staining and 3D reconstruction of L6B neurons. (A1) 
Transmission bright-field microscopic image of a thalamocortical brain slice under IR-DIC optics at 20-fold 
magnification. (A2) Higher magnification (800x) of the boxed region in A1. The physiological  properties and 
firing pattern (red traces) of L6B neurons were recorded using whole-cell  patch-clamp technique while 
simultaneously filling the cells with biocytin. The outline of the patch pipette is enhanced by white lines. (B) 
Brain slice processed for intracellular biocytin and embedded in Eukitt reveals the neocortical  lamination, the 
barrels in layer 4 and the recorded neurons in layer 6B (40x). (C) 3D reconstructions of the neurons shown 
in B. Dendrites are shown in red, axons in blue. A dye-coupled neuron (arrow in B) is presented in gray. 
Layer borders and the barrel-fields were also drawn. Scale bars in A1: 300 µm; A2: 20 µm; B, C: 300 µm 
(modified from Marx and Feldmeyer 2013 with permission).
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reconstructions. This work has recently been published in Nature Protocols (Marx et al. 2012). 
Now, we used this modified protocol for single cell and paired recording studies and subsequent 
light microscopic (LM) analyses on a regular basis. After recording, brain slices containing biocytin-
filled neurons were fixed at 4° C for at least 12 h in 100 mM phosphate buffer (PB) solution 
containing 4% paraformaldehyde (PFA). In brief, brain slices were incubated in 0.1% Triton X-100 
solution containing avidin-biotinylated horseradish peroxidase (Vector ABC staining kit, Vector Lab. 
Inc., Burlingame, USA). The reaction was catalyzed with 3,3-diaminobenzidine (DAB) as a 
chromogen under visual control until the dendritic and axonal arborization was clearly visible 
(Figure 1-1 B; see also Feldmeyer et al. 2006; Marx et al. 2012; Radnikow  et al. 2012). Brain 
slices were then slowly dehydrated in progressively higher concentrations of ethanol and xylene 
and mounted on gelatinized object slides and embedded in Eukitt medium (Otto Kindler GmbH, 
Freiburg, Germany). The advantages of Eukitt medium are a better visualization of the 
cytoarchitectonic structures, the lack of  dehydration artifacts, e.g. ‘corkscrew’-like appearances, 
and the correction for tissue shrinkage (Marx et al. 2012). Subsequently, 3D reconstructions of  L6B 
neurons were made with the NEUROLUCIDA® software (MicroBrightField, Williston, USA; see 
Figure 1-1 C; for details see also Glaser and Glaser 1990) using an Olympus BX61 microscope at 
a final magnification of 1,000-fold (i.e. 100-fold objective and 10-fold eyepiece). Only neurons with 
a clear labeling, minimal background staining and with few  visible transection of dendrites and 
axons were reconstructed semi-automatically. The contours of the pial surface, layer borders and 
L4 barrels were also traced. Reconstructions were aligned with respect to the pial surface and 
corrected for tissue shrinkage in all spatial dimensions (factor 1.1 in the xy-dimensions and factor 
2.1 in the z-dimension) to obtain realistic and more native neuronal morphologies (Marx et al. 
2012). These 3D reconstructions provided the basis for the subsequent morphological analyses 
(see 1.2.5 below).
1.2.5 Morphological data analysis
For the morphological data analyses we conducted various morphological measurements by the 
aid of the NEUROEXPLORER® software (MicroBrightField) and analyzed the specific 
characteristics of the somatodendritic and axonal structures. Furthermore, the distribution and 
percentage of  dendrites and axons within cortical layers and barrel-related columns were 
determined. The width of the home barrel was defined using horizontal extent of the barrel and half 
of the septum to either side (Helmstaedter et al. 2009a,b,c). Its extension towards the pial surface 
and towards the WM defined the barrel column height. The localization of  neurons in the barrel 
cortex was described with respect to the cortical column (transcolumnar vs. intracolumnar) and the 
cortical lamination (translaminar vs. intralaminar; infralaminar vs. superficial). Layer 6B was 
defined to be the local lamina. Layers 1-6A were described as superficial layers and the WM as an 
infralaminar layer. All neuronal reconstructions with a total axon length < 3,000 µm were excluded 
from our analyses. The soma coordinates with respect to the superjacent barrels were used to 
superimpose the reconstructions and for further analyses such as the construction of density 
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maps. We used a unified cortical model that corresponds to an averaged neocortical lamination 
and barrel-field of all 3D reconstructions (from Marx and Feldmeyer 2013).
1.2.6 Dendritic and axonal polarity profiles and density maps
For the morphometric analyses we calculated the dendritic and axonal polarity profiles and ‘length 
density’ maps of  each 3D reconstruction in layer 6B. The neuronal polarity of each reconstruction 
was calculated with NEUROEXPLORER® software using cubic spline smoothing. The dendritic 
and axonal length were averaged for each of  the 120 ‘3° sectors’ around the soma. Data was 
recalculated, plotted in angular subdivision around the soma and polar plots were made with 
Grapher software (Golden Software, Golden, USA). The radian depicts degree in angles (°) with 0° 
towards the pial surface, 90° towards the posterior-median axis, 180° towards the white matter and 
270° towards the anterior-lateral axis. Furthermore, density maps were constructed using the 
computerized 3D reconstructions (Lübke et al. 2003; Helmstaedter and Feldmeyer 2010). All 
reconstructions from a single cell type were superimposed and aligned to the barrel center with 
respect to their relative soma positions (Figure 1-2). The dendritic and axonal length of all neurons 
was measured in a 50 µm x 50 µm Cartesian grid, yielding a raw  density map of the dendritic 
arborization and axonal collateralization by using the open source software NEURON (http://
www.neuron.yale.edu). Spatial low-pass filtering of  these maps was performed with a Gaussian 
kernel (σ = 50 µm) and converted to a continuous density function using bicubic interpolation in 
Mathematica (Wolfram Research, Champaign, USA).
1.2.7 Cluster analysis and statistics
All data were presented as mean ± standard deviation. Statistical analyses were performed using 
either an unpaired independent t-test or a one-way multiple variance analysis (ANOVA). Statistical 
significance was set at least to P ≤ 0.05. To determine only those variables suitable for the cluster 
analysis (CA), we used a principal component analysis (PCA). We found that some morphological 
parameters were highly correlated (e.g. soma properties such as surface area and volume, length 
and number of  dendrites, nodes, endings, etcetera). We made an effort to find additional variables 
that can distinctly classify the neuronal morphology of  L6B neurons (e.g. the dendritic orientation 
such as the columnar and laminar distribution of dendritic and axonal structures). Using this 
approach, we were able to exclude all variables from the CA which were highly correlated or 
showed a low  degree of variance, thereby avoiding double-weighting or misinterpretation by the 
CA. In total, seven somatodendritic and five axonal morphological parameters were chosen, 
normalized and used for an unsupervised CA (Table 1-1). Furthermore, seven physiological 
parameters (action potential (AP) half-width, firing frequency per 100 pA, membrane time constant 
(τ), inter-spike interval (ISI), adaptation ratio, AP and AHP amplitudes) were added to the CA. This 
facilitated a clear separation of the interneuron control group from the excitatory L6B neurons. For 
the CA, distances were measured as Euclidean and Ward’s method was used for calculating the 
linkage distance, i.e. the degree of  variance among the observed morphological parameters (Ward 
Jr 1963). In brief, the linkage step leading to the maximum increase in the linkage distance was 
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used for the cutoff  which represents three individual clusters (Thorndike 1953; Cauli et al. 2000; 
see also Marx and Feldmeyer 2013).
Figure 1-2. Distribution of excitatory and inhibitory neurons within layer 6. The relative soma positions 
of both 87 excitatory neurons and 6 interneurons are shown with respect to their cortical depth in lamina 6 (in 
%). Superficial layer 6A occupies on average 65.5 ± 3.9% and deep layer 6B about 34.5 ± 3.9%. C1: 
pyramidal neurons (red dots), C2a: inverted neurons (orange), C2b: ‘tangentially’-oriented neurons (blue), 
C2c: ‘horizontally’-oriented neurons (violet) and C3: multipolar neurons (green). L6B interneurons are 
Table 1-1. Morphological and physiological  parameters of L6B neurons that were used for the CA (modified 
from Marx and Feldmeyer 2013).
Dendritic morphology Axonal morphology Physiology
Total dendrite length (µm) Total axon length (≥ 3,000 µm) AP half-width (ms)
Dendritic branching frequency 
(nodes/100 µm)
Axonal branching frequency 
(nodes/100 µm)
Firing frequency per 100 pA
Maximal cortical dendritic field span 
(µm)
Maximal cortical axonal field span 
(µm)
membrane time constant       
(τ, ms) 
Laminar distribution of dendrites 
(superficial vs. local/infralaminar)
Laminar distribution of axons 
(superficial vs. local/infralaminar)
Inter-spike interval (ISI, ms)
Columnar distribution of dendrites 
(intracolumnar vs. transcolumnar)
Columnar distribution of axons 
(intracolumnar vs. transcolumnar)
Adaptation ratio
Spiny/spineless dendrites AP amplitude (mV)
Main dendrite (apical or ‘apical’-like) AHP amplitude (mV)
Chapter 1
10
1.3 Results
1.3.1 Cluster analysis and neuronal cell classification
Layer 6B is visible as a small dark zone of 191.5 ± 53.3 µm width (n = 93) that lies between the 
more superficial and wider layer 6A and the deeper WM. In our study we found layer 6 to be clearly 
subdivided into two separate laminae of  which the more superficial lamina 6A occupied on average 
65.5 ± 3.9% and the deeper lamina 6B 34.5 ± 3.9%, respectively. Those values are roughly 
comparable to those in recent publications (Kumar and Ohana 2008; Meyer et al. 2010; 
Oberlaender et al. 2011; Perrenoud et al. 2013). For the classification of the different L6B neuronal 
subtypes, 155 neurons were randomly patched in acute brain slices of the adolescent (P17-24) 
primary somatosensory barrel cortex of the rat. The average distance of L6B neurons from the 
white matter was 107.4 ± 43.9 µm. All neurons used in this study were located in the lower third of 
lamina 6 (Figure 1-2).
Figure 1-3. Cluster analysis of L6B neurons. (A) The linkage dendrogram for the unsupervised CA of 
morphological and functional parameters of L6B neurons (Table 1-1). L6B interneurons have been included 
in the analysis as controls and were clearly separated from the excitatory L6B neurons (Int, black). The x-
axis represents individual cells, and the y-axis represents the average Euclidean within-cluster linkage 
distance. Three distinct main clusters could be defined: (C1) neurons with a distinct apical dendrite towards 
the pial surface, (C2) neurons with a main ‘apical’-like dendrite not towards the pial surface and (C3) 
multipolar neurons without any preferential  orientation. Cluster C2 was further subdivided into three 
subclusters based on the orientation of the dominant ‘apical’-like dendrite. Five excitatory L6B neuron types 
were designated as C1: pyramidal neurons (red), C2a: inverted neurons (orange), C2b: tangential neurons 
(blue), C2c: horizontal  neurons (violet) and C3: multipolar neurons (green). (B) 2D projection of the L6B data 
set following PCA: the x-axis and y-axis are the first-order and second-order components of the CA. (C) The 
pie chart demonstrates the percentage of each excitatory L6B cell  type with 27 pyramidal neurons (31.0%), 
10 inverted neurons, 10 tangential neurons (both 11.5%), 9 horizontal neurons (10.3%) and 31 multipolar 
neurons (35.6%; modified from Marx and Feldmeyer 2013 with permission).
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L6B neurons with an excellent labeling of  the somatodendritic and axonal domain and with minimal 
background staining as well as a stable RMP were used for subsequent physiological and 
morphological data analyses. Using acute brain slices leads often to a truncation of long axon 
collaterals. To overcome this problem and to allow  a more reliable comparison with in vivo studies 
we applied an additional criterion and excluded all neurons with a high transection of  dendrites and 
especially axons. Reconstructions with a total axon length < 3,000 µm were excluded from the 
data pool. Furthermore, we excluded neurons with a relative neocortical position which was not 
clearly within layer 6B. The final morphological and electrophysiological data for this study were 
obtained from 87 excitatory neurons and 6 interneurons. L6B neurons were classified as excitatory 
when their dendritic spine density was high, a generally accepted criterion for glutamatergic 
neurons (e.g. Feldman and Peters 1978; Connors and Gutnick 1990). While some GABAergic 
interneurons possess also dendritic spines, their density was substantially lower than that of 
excitatory neurons. In addition, these interneurons had also clearly distinct AP firing patterns 
(McCormick et al. 1985; Kawaguchi and Kubota 1993; Thomson et al. 1996; Kawaguchi and 
Kubota 1997; see also Petilla terminology by Ascoli et al. 2008). The dendrogram in Figure 1-3 A 
that resulted from the CA shows three distinct main clusters of  neuronal cell types designated as: 
(C1) neurons with a distinct apical dendrite towards the pial surface; i.e. pyramidal neurons, (C2) 
neurons with a prominent ‘apical’-like dendrite not towards the pial surface and (C3) multipolar 
neurons without any preferential dendritic orientation. The second neuronal cell cluster with one 
prominent ‘apical’-like dendrite could be further subdivided, identifying three subclusters termed 
(C2a) inverted, (C2b) ‘tangentially’-oriented and (C2c) ‘horizontally’-oriented neurons. Furthermore, 
two subcategories of  L6B pyramidal cells were found, one of which had a more barrel-column 
confined axon while that of  the other had projections over a much larger cortical area. In summary 
27 regular pyramidal neurons (31.0%), 10 inverted neurons, 10 tangential neurons (both 11.5%), 9 
horizontal neurons (10.3%) and 31 multipolar neurons (35.6%) could be assigned to the five 
neuronal cell types in neocortical layer 6B (Figure 1-3 C). Using an unsupervised CA including 
additional L6B reconstructions (n = 144; see Chapters 2, 3 and 4) we obtained a linkage 
dendrogram comparable to our recent one (Marx and Feldmeyer 2013). We obtained similar 
clusterings with five distinct L6B cell types in early postnatal (P4-10) and in more mature and adult 
(P25-35) brain tissue, respectively. An exemplary reconstruction of each L6B cell type is presented 
in Figure 1-4. For the visualization of  the 3D geometry each representative example is shown in its 
xy-dimension (Figure 1-4 A1-E1), yz-dimension (Figure 1-4 A2-E2) and xz-dimension (Figure 1-4 
A3-E3), respectively.
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Figure 1-4. Examples of individual excitatory L6B neurons of each of the five clusters. A 
representative reconstruction for a (A) pyramidal  neuron, (B) inverted neuron, (C) tangential neuron, (D) 
horizontal neuron and (E) multipolar neuron is shown from three different angles: (1) xy-, (2) yz- (3) and xz-
direction (3D cubes in A1-3). The nomenclature A, B, C, D, E is in accordance with the clustering in Figure 
1-3 (i.e. cluster C1, C2a, C2b, C2c  and C3). Note the different dendritic  and axonal projection pattern of all 
five L6B cell types. Dendrites are shown in red and axons in blue. A two-fold magnification of each 
somatodendritic  structure is represented in black. Neuronal reconstructions are shown in their relative 
cortical positions. Scale bar in A1,2-E1,2 = 300 µm; A3-E3 = 200 µm. Scale bar for the somatodendritic 
domain magnification in A1,2-E1,2 = 150 µm and in A3-E3 = 100 µm (modified from Marx and Feldmeyer 
2013 with permission).
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1.3.2 Morphological classification
Quantitative parameters describing the dendritic and axonal morphology show  an overall 
significant difference (P < 0.05) between all five neuronal L6B cell types (Table 1-2). The only 
exception was the percentage of the axon found in superficial layers (i.e. layers 5 to 2/3; P > 0.759) 
and the axonal branching frequency (P > 0.084). Barrel dimensions, layer borders and the relative 
neuronal soma positions within a barrel-related column were also not significantly different (P > 
0.05).
Table 1-2. Morphological parameters of L6B neuronal cell types (modified from Marx and Feldmeyer 2013).
Morphological parameters Pyramidal Inverted Tangential Horizontal Multipolar P Value
n 27 10 10 9 31 -
Distance soma - white matter (µm) 112 ± 53 128 ± 45 130 ± 49 106 ± 59 93 ± 39 0.157
Barrel width (µm) * 224 ± 46 245 ± 33 246 ± 556 253 ± 41 232 ± 60.0 0.506
Total dendrite length (µm) 5,096 ± 1,059 4,630 ± 973 7,006 ± 2,024 5,047 ± 2,490 7,666 ± 2,818 1.55E-05
Dendritic nodes 32.6 ± 6.2 23.2 ± 6.0 29.1 ± 10.0 26.0 ± 12.4 37.8 ± 16.6 5.79E-03
Dendritic branching frequency 
(nodes/100 µm) 0.64 ± 0.11 0.50 ± 0.11 0.42 ± 0.11 0.52 ± 0.11 0.49 ± 0.11 6.94E-09
Mean dendritic field span (µm) 336 ± 120 478 ± 134 491 ± 123 593 ± 201 559 ± 137 2.47E-07
Superficial dendrite length (µm) 2,783 ± 1,002 286 ± 505 3,267 ± 1,893 1,818 ± 2,112 3,839 ± 2,264 5.79E-06
Superficial dendrite percentage (%) 56.2 ± 18.2 6.3 ± 11.9 44.2 ± 18.8 27.0 ± 22.7 46.1 ± 21.3 1.16E-08
Local/infralaminar dendrite length 
(µm) 2,207 ± 1,026 4,344 ± 1,104 3,740 ± 1,291 3,229 ± 723 3,827 ± 1,742 3.80E-05
Local/infralaminar dendrite 
percentage (%) 43.8 ± 18.2 93.7 ± 11.9 55.8 ± 18.8 73.0 ± 22.7 53.9 ± 21.3 1.16E-08
Columnar dendrite length (µm) 4,560 ± 1,010 3,582 ± 689 4,681 ± 1,311 3,089 ± 1,231 4,929 ± 2,024 8.87E-03
Columnar dendrite percentage (%) 89.6 ± 9.2 78.5 ± 10.8 67.7 ± 15.8 63.7 ± 10.2 65.1 ± 11.5 5.34E-12
Transcolumnar dendrite length (µm) 536.0 ± 505 1,048 ± 592 2,325 ± 1,237 1,958 ± 1,331 2,737 ± 1,397 4.62E-10
Transcolumnar dendrite percentage 
(%) 10.4 ± 9.2 21.6 ± 10.8 32.3 ± 15.8 36.3 ± 10.2 35.0 ± 11.5 5.34E-12
Total axon length (µm) 4,639 ± 1,562 7,469 ± 3,173 8,777 ± 4,036 4,538 ± 1,220 7,094 ± 3,930 8.71E-04
Axonal nodes 13.3 ± 5.2 23.6 ± 12.1 26.9 ± 22.0 14.0 ± 4.9 21.6 ± 12.1 4.78E-03
Axonal branching frequency
(nodes/100 µm) 0.29 ± 0.15 0.32 ± 0.15 0.31 ± 0.15 0.31 ± 0.15 0.30 ± 0.15 0.759
Mean axonal field span (µm) 686 ± 383 1,305 ± 714 831 ± 490 904 ± 279 939 ± 337 4.15E-03
Superficial axon length (µm) 2,588 ± 1,591 1,274 ± 1,695 2,959 ± 1,478 1,740 ± 435 3,095 ± 2,609 0.084
Superficial axon percentage (%) 53.2 ± 21.7 13.8 ± 16.7 34.6 ± 15.2 40.7 ± 13.9 42.4 ± 19.3 1.27E-05
Local/infralaminar axon length (µm) 2,051 ± 879 6,195 ± 2,234 5,818 ± 3,386 2,798 ± 1,235 4,000 ± 2,343 2.32E-07
Local/infralaminar axon percentage 
(%) 46.8 ± 21.7 86.2 ± 16.7 65.4 ± 15.2 59.3 ± 13.9 57.60± 19.3 1.27E-05
Columnar axon length (µm) 2,479 ± 1,123 2,817 ± 1,350 4,222 ± 1,795 1,910 ± 558 2,701 ± 1,236 1.41E-03
Columnar axon percentage (%) 54.1 ± 19.1 39.7 ± 12.8 49.6 ± 12.2 42.4 ± 7.7 41.9 ± 17.2 0.033
Transcolumnar axon length (µm) 2,160 ± 1,241 4,652 ± 2,618 4,556 ± 2,614 2,628 ± 883 4,393 ± 3,304 3.33E-03
Transcolumnar axon percentage (%) 46.0 ± 19.1 60.3 ± 12.8 50.4 ± 12.2 57.6 ± 7.7 58.1 ± 17.2 0.033
* The width of the home barrel was defined using horizontal extent of the barrel and half of the septum to 
either side (Helmstaedter et al. 2009a,b,c).
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1.3.2.1 Cluster C1: neurons with an apical dendrite oriented towards the pial surface
Pyramidal neurons in layer 6B. The first cluster, i.e. C1, comprises 27 pyramidal neurons 
(Figures 1-4 A1-3, 1-5, 1-7 A1,3 and Table 1-2). These neurons have a thick apical main dendrite 
that was clearly discernible from all other dendrites (i.e. basal dendrites). Their average initial 
diameter of the main apical trunk (i.e. the maximal diameter at 10 µm distance from the soma) was 
4.5 ± 1.1 µm compared to a mean diameter of 1.0 ± 0.2 µm of the basal dendrites. Apical dendrites 
project directly towards the pial surface at a polar plot angle 0 ± 5° (Figure 1-6 A1). L6B pyramidal 
neurons have a total dendrite length of  5,096 ± 1,058 µm, 32.6 ± 6.2 nodes, a dendritic branching 
frequency of 0.64 ± 0.11 nodes/100 µm and a field span of 336 ± 120 µm. Their dendrites reside 
largely in the cortical home barrel column (89.6 ± 9.2%). This is also shown by the dendritic length 
density map (Figure 1-7 A1,2). Some L6B pyramidal neurons have apical dendrites that extend 
into the more superficial layers 5A and 5B (n = 18) but not further than layer 4, while other neurons 
have only short apical dendrites terminating in sublamina 6A (n = 9). L6B pyramidal cells can be 
differentiated also on the basis of their apical tufts. Some apical dendrites terminate in elaborate or 
moderate tufts (n = 16) while others are virtually untufted (n = 12). Short pyramidal neurons are 
generally untufted, whereas large and medium pyramidal neurons have at least a moderate apical 
tuft. A few  oblique dendrites are present in lower layer 5B and in upper layer 6A, whereas basal 
dendrites in lower layers 6A and 6B show  many bifurcations and give rise to higher-order dendritic 
branches (Figures 1-5, 1-9 A1, B1). The total axon length of  L6B pyramidal neurons is about 4,639 
± 1,561 µm with 13.3 ± 5.2 nodes and an axonal branching frequency of  0.29 ± 0.15 nodes/100 
µm. The axonal polar plot for L6B pyramidal neurons shows a main orientation towards the pial 
surface (i.e. polar plot angles of 0 ± 30°; see Figure 1-6 A2). Furthermore, these neurons have a 
high axonal length density within the cortical home barrel column and throughout layers 5 and 6 
(Figure 1-7 A3,4).
1.3.2.2 Cluster C2: neurons with an ‘apical’-like dendrite oriented not towards the pia
1.3.2.2.1 Inverted neurons in layer 6B
Ten inverted L6B neurons are assigned to the first subgroup of  the second cluster, i.e. C2a 
(Figures 1-4 B1-3, 1-5, 1-7 B1,3 and Table 1-2). They show  an atypically oriented thick ‘apical’-like 
main dendrite which always extends from the basal site of the soma and directly projects towards 
the WM. Inverted neurons show  different morphological shapes and have a total dendritic length of 
4,630 ± 972 µm, 23.2 ± 6.0 nodes and a branching frequency of  0.50 ± 0.11 branches/100 µm. The 
dendrites of inverted L6B neurons are predominantly confined to a cortical barrel column (78.5 ± 
10.8%) and have a mean dendritic field span of 478 ± 134 µm. The polar plot and the density map 
clearly show  that the dendritic domain of inverted L6B neurons is mainly oriented towards and into 
the WM (i.e. polar plot angles of 180 ± 60°; see Figures 1-6 B1 and 1-7 B1,2) with a few  dendrites 
projecting into sublamina 6A but not further. The total axon length is 7,469 ± 3,172 µm with 23.6 ± 
12.1 bifurcating nodes and an axonal branching frequency of  0.32 ± 0.15 branches/100 µm. Both 
the polar plot and density map of  inverted neurons show  a rather distinct axonal orientation 
pattern. Axons are mainly horizontally oriented with a high degree of collateralization. The majority 
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of the axonal domain of these neurons resides in layer 6B (86.2 ± 16.7%) and run mostly in the 
horizontal direction (i.e. polar plot angles of  90 ± 30° or 270° ± 30°; see Figure 1-6 B2). A few 
collaterals projecting to layer 6A and the WM are also present. The average axonal field span for 
this cell type is 1,304 ± 714 µm (Figure 1-7 B3,4). Some collaterals of  inverted L6B neurons span 
well over five barrel columns.
1.3.2.2.2 ‘Tangentially’-oriented neurons in layer 6B
The second subgroup of the second cluster, i.e. C2b, comprises ten tangential neurons with a thick 
main dendrite extending obliquely from the soma (Figures 1-4 C1-3, 1-5, 1-7 C1,3 and Table 1-2). 
L6B tangential neurons have a high total dendrite length of 7,006 ± 2,024 µm, 29.1 ± 10.0 nodes 
and a dendritic branching frequency of 0.42 ± 0.11 branches/100 µm. Their mean dendritic field 
span is 491 ± 123 µm. The polar plot shows a preferential dendritic projection tangentially towards 
the pial surface (i.e. polar plot angles of 45 ± 30° or 315 ± 30°; see Figure 1-6 C1). Dendrites 
terminate mainly in the superficial layer 6A and local layer 6B with highly variable dendritic 
projection patterns. However, some dendrites ascend up to lower layer 5B. The total axon length of 
this L6B neuron type is 8,777 ± 4,036 µm with 26.9 ± 22.0 nodes and an axonal branching 
frequency of  0.31 ± 0.15 branches/100 µm and a mean axonal field span of  831 ± 490 µm. The 
axon polarity has a moderate horizontal orientation, but is strongly oriented towards the pial 
surface (Figure 1-6 C2). The axonal density map for ‘tangentially’-oriented L6B neurons indicates 
that these neurons may innervate other L6B neurons from the home and adjacent barrel columns 
(Figure 1-7 C3,4) and neurons as well in superficial layers 5 and 6. The ratio of intracolumnar and 
transcolumnar axon percentage is almost identical with 49.6 vs. 50.3 ± 12.2%.
1.3.2.2.3 ‘Horizontally’-oriented neurons in layer 6B
The third subgroup of  the second cluster, i.e. C2c, comprises nine neurons with a ‘horizontally’-
oriented main dendrite extending from the posterior-medial or anterior-lateral site of the soma 
(Figures 1-4 D1-3, 1-5, 1-7 D1,3 and Table 1-2). Horizontal neurons have a total dendritic length of 
5,047 ± 2,490 µm, 26.0 ± 12.4 nodes and a dendritic branching frequency of 0.52 ± 0.11 branches/
100 µm. The mean dendritic field span is 593 ± 201 µm. The polar plot shows a common horizontal 
dendritic orientation in sublamina 6B (i.e. polar plot angles of  90 ± 15° or 270 ± 15°; see Figure  1-6 
D1). More than two-thirds of  the dendritic domain of  horizontal L6B neurons (73.0 ± 22.7%) resides 
in sublamina 6B and the subjacent WM with some dendritic branches projecting into neighboring 
barrel columns. A few  horizontal L6B neurons (n = 3) have also a high dendritic arborization in 
upper lamina 6A due to the presence of a secondary dendrite. The total axon length is 4,538 ± 
1,220 µm with 14.0 ± 4.9 nodes, an axonal branching frequency of 0.31 ± 0.15 branches/100 µm 
and a mean axonal field span of 904 ± 279 µm. The axonal polarity is comparable to that of the 
dendrites, but with a slight orientation towards the pial surface (Figure 1-6 D2). A substantial 
fraction of their axon projects across several barrel columns and, therefore, more than half of the 
total axon length (57.6 ± 7.7%) is transcolumnar. Only few  axon collaterals ascend to layer 5A but 
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not beyond. The axonal density map shows a prominent projection in the home and neighboring 
barrel columns (Figure 1-7 D3,4) which is clearly a distinct feature of this L6B neuronal cell type.
1.3.2.3 Cluster C3: Multipolar neurons without any preferential dendritic orientation
Multipolar neurons in layer 6B. The third cluster, i.e. C3, comprises 31 multipolar neurons with 
no dominant apical or ‘apical’-like main dendrite (Figures 1-4 E1-3, 1-5, 1-7 E1,3 and Table 1-2), 
but with many long dendrites running in various directions. They have the highest total dendritic 
length of all L6B neuron types (7,666 ± 2,818 µm) with 37.8 ± 16.6 nodes and a dendritic 
branching frequency of 0.49 ± 0.11 branches/100 µm. Multipolar neurons have a broad dendritic 
domain within neocortical layers 5 and 6 with dense ascending projections into sublamina 6A and 
some branches descending towards the WM. Their dendrites project across the barrel-related 
columns with a mean dendritic field span of 559 ± 137 µm. The dendritic polar plot as well as the 
density map show  a wide, almost circular dendritic field without any preferential orientation 
(Figures 1-6 E1 and 1-7 E1,2). The axons of  multipolar L6B neurons project mainly within layer 6 
with a few  collaterals extending into lower layer 5B. The total axon length is 7,094 ± 3,930 µm with 
21.6 ± 12.1 nodes, a branching frequency of  0.30 ± 0.15 branches/100 µm and a mean field span 
of 939 ± 337 µm. The axonal polarity is comparable to that of  tangential neurons with predominant 
axonal projections in horizontal directions and to the pial surface (Figure 1-6 E2). Multipolar 
neurons have a high axon density covering neocortical layers 5 and 6 to a high degree (Figure 1-7 
E3,4). The axon domain of  multipolar L6B neurons is confined to the lower cortex, with several 
collaterals ascending up to layers 2/3 and projecting over five or more columns.
Figure 1-5. Position of L6B neurons in the barrel cortex as distance from the white matter. Exemplary 
reconstructions of L6B neuron types identified in this study with respect to their distance from the white 
mater. The color code for the somatodendritic  domain of each neuron corresponds to that given in Figure 
1-3. Note the different dendritic  projection between all  L6B cell  types. The laminar position of individual 
somata are represented by yellow dots (modified from Marx and Feldmeyer 2013 with permission).
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Figure 1-6. Dendritic and axonal polarity of L6B neurons. The polar plots represent the characteristic 
dendritic  and axonal orientation of (A1, A2) pyramidal neurons, (B1, B2) inverted neurons, (C1, C2) tangential 
neurons, (D1, D2) horizontal neurons and (E1, E2) multipolar neurons. The average dendritic  and axonal 
length of all  3D reconstructions was calculated for 120 ‘3° sectors’ with the aid of NEUROEXPLORER® 
software using cubic spline smoothing and plotted in angular subdivision around the soma. The radian 
depicts degree in angles (°) and is encoded with 0° towards the pial surface, 90° towards the posterior-
median axis, 180° towards the white matter and 270° towards the anterior-lateral axis, respectively. All 
neuronal  cell  reconstructions are superimposed and soma-centered. Individual cell somata are presented by 
black dots. The color code corresponds to that given in Figure 1-3. Axons in A1-E1 and dendrites in A2-E2 
are presented in dark gray. The nomenclature A, B, C, D, E is in accordance with the clustering in Figure 1-3 
(i.e. cluster C1, C2a, C2b, C2c and C3). Scale bars = 300 µm (modified from Marx and Feldmeyer 2013 with 
permission).
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Figure 1-7. Density maps of L6B neurons. Reconstruction overlays and density maps of each L6B cell 
type are shown for (A) pyramidal  neurons, (B) inverted neurons, (C) tangential  neurons, (D) horizontal 
neurons and (E) multipolar neurons. All dendritic and axonal reconstructions are superimposed with respect 
to the barrel center of the cortical home column. L4 barrels are represented as white rectangles. The white 
contour lines superimposed on the density maps (in A2,4, B2,4, C2,4, D2,4, E2,4) enclose 70%, 80% and 90% 
of the integrated dendritic  and axonal length density, respectively. Dendrites and dendritic density maps are 
shown in red, axons and axonal density maps in blue. Individual cell somata are presented by yellow dots. 
The nomenclature A, B, C, D, E is in accordance with the clustering in Figure 1-3 (i.e. C1, C2a, C2b, C2c 
and C3). Scale bar = 300 µm (modified from Marx and Feldmeyer 2013).
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1.3.3 Physiological properties of excitatory and inhibitory L6B neurons
All neuronal cell groups in sublamina 6B exhibit spines on their dendritic structures and show  a 
regular excitatory firing pattern. Apart from these spiny L6B neurons a few  interneurons (n = 6) 
have been analyzed and added as a control group. Active and passive electro-physiological 
properties of  the different L6B cell types were analyzed by voltage recordings in response to 
depolarizing and hyperpolarizing current injections. All electrophysiological recordings from 
excitatory L6B neurons with a stable resting membrane potential (RMP) show  a regular spiking 
(RS) pattern following the injection of a suprathreshold depolarizing current (Figure 1-8 A-C). No 
significant differences in the RMP (P > 0.13), AP half-width (P > 0.075) and afterhyperpolarization 
(AHP; P > 0.299) were observed between the excitatory L6B neurons as defined here (P values 
were calculated by a one-way ANOVA; see Table 1-3). We recorded also from a few  L6B 
interneurons. These interneurons could be tentatively classified as continuously fast-spiking (FS; 
see Figure 1-8 D1), stuttering FS interneurons (Figure 1-8 D2) and adapting interneurons (not 
shown). These L6B interneurons had smooth and spineless dendrites. They showed a very sharp 
and fast AHP which resulted in FS AP firing trains. Their AP firing frequency is much higher than 
that of  excitatory L6B neurons (52.1 ± 20.7 spikes/100 pA vs. 16.2 ± 6.7 spikes/100 pA; P < 
0.00849), while the AP half-width (0.28 ± 0.04 ms vs. 1.11 ± 0.35 ms; P < 0.0000648),  ISI (16.2 ± 
12.2 ms vs. 81.9 ± 52.5 ms; P < 0.00306) and τM were significantly shorter (6.0 ± 3.8 ms vs. 16.4 ± 
4.9 ms; P < 0.00000187). In summary, L6B interneurons could be clearly distinguished from all 
excitatory L6B neurons (see also Perrenoud et al. 2013).
Table 1-3. Selected active and passive electrophysiological properties of L6B neurons (from Marx and 
Feldmeyer 2013).
Physiological 
parameters
Pyramidal Inverted Tangential Horizontal Multipolar P Value Excitatory Inhibitory P Value
n 27 10 10 9 31 - 87 6 -
Passive properties
RMP (mV) -69.9 ± 3.7 -68.1 ± 2.8 -72.3 ± 3.4 -70.0 ± 6.2 -71.8 ± 4.5 0.13 -70.7 ± 4.3 -66.1 ± 4.0 0.023
Input resistance (MΩ) 232.8 ± 60.6 269.4 ± 95.3 209.7 ± 81.4 256.5 ± 117.3 178.1 ± 75.3 7.01E-03 217.3 ± 84.4 192.6 ± 121.0 0.501
τM 17.6 ± 3.7 19.7 ± 4.6 14.9 ± 3.9 17.7 ± 5.2 14.5 ± 5.4 0.013 16.4 ± 4.9 6.0 ± 3.8 1.87E-06
Active properties
AP half-width (ms) 1.00 ± 0.29 1.28 ± 0.41 1.10 ± 0.21 1.34 ± 0.58 1.06 ± 0.29 0.075 1.11 ± 0.35 0.28 ± 0.04 6.48E-05
AP threshold (mV) -28.3 ± 5.2 -28.3 ± 3.9 -37.9 ± 5.8 -32.4 ± 4.8 -35.3 ± 4.5 4.41E-08 -32.3 ± 6.0 -34.5 ± 9.1 0.400
AP amplitude (mV) 75.9 ± 11.5 70.9 ± 12.6 94.1 ± 4.5 79.8 ± 14.6 86.3 ± 10.6 5.58E-06 81.5 ± 12.9 69.4 ± 20.8 0.036
Firing frequency 
per 100 pA 17.6 ± 5.1 22.7 ± 3.9 10.6 ± 3.5 21.4 ± 8.2 13.3 ± 6.2 1.01E-06 16.2 ± 6.7 52.1 ± 20.7 3.38E-17
ISI (ms) 58.1 ± 12.5 75.3 ± 44.8 73.8 ± 29.9 81.8 ± 27.8 107.4 ± 74.0 7.80E-03 81.9 ± 52.5 16.2 ± 12.2 3.06E-03
Minimum ISI (ms) 14.0 ± 7.8 11.2 ± 12.6 17.3 ± 8.2 22.4 ± 10.9 26.0 ± 12.2 1.07E-04 19.2 ± 11.8 6.2 ± 2.0 8.49E-03
Maximal frequency (Hz) 100.3 ± 58.0 155.2 ± 76.4 78.7 ± 47.6 61.5 ± 43.7 51.6 ± 35.3 3.58E-06 82.8 ± 59.8 166.8 ± 38.3 1.06E-03
Adaptation ratio 0.67 ± 0.11 0.55 ± 0.30 0.56 ± 0.25 0.51 ± 0.22 0.50 ± 0.21 0.044 0.57 ± 0.21 0.85 ± 0.14 1.64E-03
AHP amplitude (mV) 11.8 ± 3.2 12.2 ± 3.2 10.0 ± 2.4 11.5 ± 2.1 10.9 ± 2.2 0.299 11.3 ± 2.7 21.0 ± 6.1 1.40E-11
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Figure 1-8. Morphologically and physiologically distinct cell types of L6B neurons. Like excitatory 
neurons interneurons have a broad variety in their physiological  properties. (A) An example of a 3D 
reconstruction of a pyramidal  neuron with its appropriate firing pattern is shown. The electrophysiological 
traces correspond to the voltage respond to current injections in whole-cell current-clamp mode. The black 
trace shows the initial  firing at low current injection. A full spike train at high current injection is illustrated by 
the red trace. Pyramidal  neurons with a prominent thick apical dendrite show a regular spiking (RS) pattern 
with high adaptation ratios (0.67 ± 0.11; P < 0.00164; see Table 1-3). (B) Inverted neurons have a higher 
firing frequency (19.7 ± 4.6 spikes/100 pA; P < 0.013) and a lower adaptation ratio than pyramidal  neurons. 
Both pyramidal and inverted L6B neurons showed action potential  (AP) doublets or triplets at the beginning 
of the spike train, but were absent in all other excitatory L6B neuron types. (C) Multipolar neuron with its 
appropriate firing pattern. Multipolar, tangential  and horizontal neurons show a vast range of firing patterns. 
However, a common feature is their low adaptation ratio at higher current injections (0.5 ± 0.2; P < 0.044). 
Multipolar neurons have the longest inter-spike intervals (ISI) among all  excitatory cell  types (107.4 ± 74.0; 
P < 0.0078). Different types of interneurons were also found in layer 6B, for example: (D1) a continuously 
firing fast spiking (FS) interneuron and (D2) a FS stuttering interneuron. All neuronal  reconstructions are 
presented with their relative cortical position and have at least a total axon length ≥ 6,000 µm (for 
interneurons ≥ 18,000 µm). The description for AP firing trains and the color code for morphological 
reconstructions in A apply also to B, C, D1, D2. Scale bar = 200 µm (modified from Marx and Feldmeyer 
2013 with permission).
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1.3.4 Intracolumnar and transcolumnar pyramidal cells
In an effort to further classify excitatory L6B neurons, we investigated the morphological 
characteristics of  the axonal domain of  L6B pyramidal cells in more detail. We were able to identify 
two distinct pyramidal subtypes in layer 6B based on their maximal axonal field span in the 
neocortex. The part of  the axon located in the WM was omitted from this analysis (Figure 1-9). Ten 
pyramidal neurons could be designated as intracolumnar pyramidal cells (iPC, blue axon; see 
Figure 1-9 A1,2), whereas 17 pyramidal neurons were described as transcolumnar pyramidal cells 
(tPC, green axon; see Figure 1-9 B1,2). The scatter plot in Figure 1-9 C1 demonstrates that there 
is no correlation between the axonal field span and the total axon length suggesting that this 
grouping is independent of  the axonal length and hence not a truncation artifact. We have found 
pyramidal neurons with a high axon length and a broad axonal field span as well as neurons with a 
high axon length and a small axonal field span, respectively. There is a highly significant difference 
(P < 0.001) in their maximal axonal field span (iPCs: 373 ± 78 µm vs. tPCs: 870 ± 371 µm; see 
Figure 1-9 C2), but no significant difference (P > 0.1) in the total axon length of iPCs (4,190 ± 
1,041 µm) and tPCs (4,903 ± 1,775 µm; see Figure 1-9 C3). A comparison of the axonal 
orientation reveals a similar projection towards the pial surface, but in a much broader polarity 
pattern for tPCs (not shown). The axons of  iPCs are largely confined to a barrel-related column 
with 69.5 ± 20.4% (Figure 1-9 A2), in particular at the level of  layer 5. In contrast, tPC axons 
project into the neighboring barrel columns at the level of  layer 5 and extend over an even wider 
cortical area in layer 6. Only 45.0 ± 11.3% of the tPC axons reside in the cortical home barrel 
column (Figure 1-9 B2), a value that is significantly different from that of  iPC axons (P > 0.01). In 
addition, at least some of  the tPCs possess long-range axon collaterals that project over several 
barrels (i.e. up to 1,000 µm) and can be seen to enter the secondary somatosensory cortex (S2), a 
feature that has not been observed for the axonal domain of  L6B iPCs. Furthermore, the axons of 
both L6B pyramidal cell subtypes can be traced in the WM where they project in the direction of 
the striatum and/or the thalamus, suggesting a corticothalamic or corticostriatal innervation (Figure 
1-9 A2, B2).
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Figure 1-9. Subtypes of L6B pyramidal cells. Two L6B pyramidal cell subtypes could be identified based 
on an additional  analysis of their axonal  domain. L6B pyramidal  neurons were designated as intracolumnar 
and transcolumnar pyramidal cells (iPC and tPC), respectively. (A1) Nine example reconstructions of iPCs 
are shown with their relative position in a cortical column of the somatosensory barrel cortex. (A2) Overlay of 
all  10 iPCs. The reconstructions are superimposed and aligned to the barrel center. Barrels are presented by 
rectangles and the home barrel column in gray, respectively. IPCs have an axonal columnarity of 69.5 ± 
20.4% while that of tPCs is about 45.0 ± 11.3% with a significant difference between both pyramidal 
subtypes (P < 0.00048). (B1, B2) the same as in A1 and A2 only for 5 example reconstructions and for an 
overlay of all 17 tPCs. (C1) The scatter plot shows no clear correlation between the total  axon length and the 
maximal axonal field span. We have found pyramidal  neurons with a high axon length and a broad axonal 
field span as well as neurons with a high axon length and a small axonal field span, respectively. (C2) Bar 
diagram of the maximal  axonal field span. TPCs have a significant higher axonal field span than iPCs. (C3) 
Total axon length of iPCs and tPCs without any significant difference. Axonal data of iPCs is represented in 
blue and that of tPCs in green, respectively. The hippocampus is located on the left and the striatum on the 
right. Scale bars in A1,2, B1,2 = 300 µm. *, P < 0.01; **, P < 0.001; n.s. (not significant, P > 0.1; from Marx 
and Feldmeyer 2013 with permission).
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1.4 Discussion
1.4.1 Summary about this study
We have characterized L6B neurons using single cell recordings in acute brain slices of the 
adolescent primary somatosensory barrel cortex (P17-24). L6B neurons are the earliest generated 
neocortical neurons and are likely to have an almost adult morphology in the second to third 
postnatal week (Ferrer and Martínez-Matos 1981; Valverde et al. 1989). To exclude a possible bias 
in assigning neurons to different groups we used an unsupervised CA based on the 
electrophysiological characteristics, morphometric measurements of the somatodendritic and 
axonal structures (such as polarity and density) as well as the relationship between the dendritic 
and axonal projection pattern and the cortical barrel column. Therefore, our study provides a 
detailed classification of  excitatory L6B neurons based on a quantitative analysis of their functional 
and structural parameters. We identified a highly heterogeneous neuronal cell population in layer 
6B with a distinct clustering of excitatory L6B neurons classified as pyramidal neurons, inverted 
neurons, tangential neurons, horizontal neurons and multipolar neurons (i.e. C1, C2a, C2b, C2c, 
and C3; see also Marx and Feldmeyer 2013).
1.4.2 Previous studies
Layer 6 occupies about one-third of the neocortex and is clearly subdivided into two separate 
laminae, i.e. layers 6A and 6B. Lamina 6A occupies more than two-thirds of  layer 6 while lamina 
6B occupies less than one-third (Peters and Jones 1984; Tömböl 1984; Ferrer et al. 1986a,b; 
Valverde et al. 1989; Zhang and Deschênes 1997; Meyer et al. 2010; Oberlaender et al. 2011; 
Perrenoud et al. 2013). Furthermore, several studies have described a possible correlation to SP 
neurons. This heterogeneous neuronal cell population is derived at least in part from the 
developing SP and may persist at least in part as layer 6B into adulthood (Kostović and Rakic 
1980; Reep and Goodwin 1988; Woo et al. 1991). It is believed that 10-20% or more SP neurons 
survive as L6B neurons (Torres-Reveron and Friedlander 2007; Friedlander and Torres-Reveron 
2009). Our data suggest that L6B neurons are comparable to different cell types of the SP, 
especially to ‘horizontally‘-oriented, inverted and multipolar or tripolar SP neurons described earlier 
(Hanganu et al. 2002; Luhmann et al. 2009; Kanold and Luhmann 2010). Only few  studies of 
excitatory L6 neurons attempted a quantitative classification using an unsupervised CA. However, 
they differ markedly in their experimental approach and none concentrated exclusively on neurons 
in sublamina 6B. An in vitro study by Andjelic and coworkers identifies non-pyramidal neurons in 
layer 6 (in addition to excitatory neurons from other cortical layers), but does not distinguish 
between different sublaminae or provide a description of  their axonal projection pattern (Andjelic et 
al. 2009). Moreover, they investigated molecular marker expressions in combination with 
electrophysiological properties. This approach led to three clusters, two of which contain L6 
neurons, although their CA did not separate different neuronal cell types according to their laminar 
position. Using Golgi stains, Chen and coworkers analyzed neurons in the entire lamina 6 of the 
barrel cortex using multiple somatodendritic parameters (Chen et al. 2009). Here, the CA resulted 
in six clusters including two non-pyramidal cell groups, one interneuron group and three pyramidal 
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groups, one of which includes both neurons with short and atypically oriented dendrites (related to 
our study i.e. inverted neurons). The limited number of  parameters and the fact that AP firing 
properties and the axonal morphology was not investigated as well as the detailed subgrouping 
makes a comparison with our study quite difficult. A recent in vivo labeling study describes very 
extensive axonal projections of  L6 pyramidal neurons, in particular at the level of layer 4 (Pichon et 
al. 2012). The authors used a CA largely based on axonal parameters such as the bouton density 
and the axon columnarity. However, the laminar position of most of  these neurons was in the upper 
third of layer 6 and are, therefore, likely to be L6A pyramidal cells. Furthermore, no non-pyramidal 
neurons were analyzed in this study.
1.4.3 L6B non-pyramidal neurons
Most spiny, presumably excitatory L6B neurons belong to the group of atypically oriented 
pyramidal-like neurons and non-pyramidal neurons (~70%; Tömböl et al. 1975; Feldman and 
Peters 1978; Tömböl 1984; Ferrer et al. 1986a,b; Valverde et al. 1989; Bourassa and Deschênes 
1995; Bourassa et al. 1995; Andjelic et al. 2009; Chen et al. 2009). All of  our excitatory L6B non-
pyramidal neurons have a high density of dendritic spines, a morphological criterion typical for 
excitatory neurons int the cortex (see e.g. Larkman 1991). Our CA revealed two clearly distinct 
groups: neurons with a main dendrite projecting in various directions (i.e. atypically oriented 
pyramidal-like neurons) and multipolar neurons. The occurrence of atypically oriented pyramidal-
like neurons, i.e. inverted (11.5%), tangential (11.5%) and horizontal (10.3%) neurons, is in 
accordance with previous findings based solely on the dendritic morphology (Van der Loos 1965; 
Lübke and Albus 1989). Axon collaterals of  non-pyramidal L6B neurons are not exclusively 
confined to layer 6 (with the possible exception of  the subgroup of inverted L6B neurons), but 
innervate also upper layer 5, layer 4 and even layers 2/3. In addition, the axons of excitatory non-
pyramidal L6B neurons were not confined to their cortical home barrel column, but projected often 
over several adjacent columns. It is not entirely clear whether they are innervated by thalamic 
afferents. Lamina 6B is the only neocortical layer that shows only minimal if any innervation by 
VPM or POm or both thalamic nuclei (Meyer et al. 2010; Wimmer et al. 2010). Inverted neurons 
show  an axonal projection to local layer 6 and some axonal branches towards the secondary 
somatosensory (S2) and motor cortex (MC). Tangential neurons have a very dense and local 
axonal domain, but also project to more superficial layers 2/3 (Valverde et al. 1989; Zhang and 
Deschênes 1997). Regarding the axonal domain of  horizontal neurons with their long vertical 
extending axon collaterals, we can state that this cell type might be a source of corticocortical 
connections in local layer 6 and adjacent barrel columns (Feldman and Peters 1978; Tömböl 1984; 
Valverde et al. 1989; Zhang and Deschênes 1997). The same applies for tangential neurons which 
can be interpreted as possible ipsilateral association neurons within an intracortical subsystem.
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1.4.4 L6B pyramidal neurons
A fraction of  about 30% of all L6B neurons are pyramidal cells. These L6B pyramidal neurons 
showed morphological similarities with those in neocortical laminae 6A. L6A pyramidal neurons 
reside in the upper two-thirds of layer 6. Previous studies have broadly classified them into 
corticothalamically (CT) and corticocortically (CC) projecting neurons on the basis of  their axonal 
projection pattern (Zhang and Deschênes 1997; Kumar and Ohana 2008; Pichon et al. 2012; for 
reviews see Briggs 2010; Thomson 2010). L6A CT pyramidal cells have an axonal domain that is 
largely confined to the cortical home barrel column. In contrast, L6A CC axons project into the 
adjacent barrel columns. We hypothesize that the L6B iPC type is similar to L6A CT pyramidal 
neurons and may project back at least to the striatum. However, we cannot identify the existence 
of projections to the thalamus, i.e. to the VPM or POm, as it is the case for L6A CT pyramidal cells 
(Bourassa et al. 1995). Even if  this was the case, L6B iPC neurons cannot be elements of  a direct 
thalamo-cortico-thalamic feedback loop (like L6A CT neurons) because of the lack of thalamic 
innervation in lamina 6B (Meyer et al. 2010; Oberlaender et al. 2011). The axonal morphology of 
the L6B tPC type resembles that of L6A CC pyramidal neurons. Thus these neurons may serve to 
innervate other cortical areas such as the S2 or MC (Zhang and Deschênes 1997; Kumar and 
Ohana 2008; Pichon et al. 2012). Furthermore, the occurrence of iPCs in layer 6B is with 27% 
substantially lower than that of  tPCs (about 63%). Compared with previous studies, L6A CT 
pyramidal neurons account for about 50% in the somatosensory rat and visual cat cortex (Gilbert 
and Kelly 1975; Zhang and Deschênes 1997; Pichon et al. 2012). This could indicate that L6B 
pyramidal neurons are more involved in corticocortical signaling than L6A pyramidal cells. Thus the 
orientation of the main axon might predict the axonal projection pattern to other cortical and 
subcortical areas. Following this argument, the direction of  L6B axon collaterals in the WM is 
indicative for a corticostriatal or corticothalamic projection, while that of intracortical long-range 
collaterals suggests an innervation of  the S2 cortex. Long-range projections in the WM may target 
the striatum, the thalamus and at least for the tPC type the corpus callosum. The dendritic and 
axonal domains of  CT and CC L6A pyramidal cells (Zhang and Deschênes 1997; Kumar and 
Ohana 2008; Pichon et al. 2012) correlate very well with those of L6B iPCs and tPCs, respectively. 
However, while L6A pyramidal cells, in particular those in the more superficial part, receive inputs 
from both thalamic nuclei (VPM and POm), this is not the case for L6B pyramidal neurons (from 
Marx and Feldmeyer 2013).
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1.4.5 L6B interneurons
Interneurons of all neocortical layers including layer 6 have been found to be highly diverse (Ascoli 
et al. 2008). A recent quantitative study (Perrenoud et al. 2013) used the expression of  certain 
molecular markers, active and passive electrophysiological characteristics and a few  basic 
morphological properties. Four distinct interneuron clusters in cortical laminae 6A and 6B were 
identified, namely either late or stuttering fast-spiking parvalbumin-expressing (FS-PV), adapting 
somatostatin-expressing (SOM), adapting neuropeptide Y-expressing (NPY), and adapting 
vasoactive intestinal peptide-expressing (VIP) interneurons. We have found interneurons with a 
stuttering FS pattern and those with an adapting firing pattern which are comparable to FS-PV and 
adapting SOM or adapting VIP interneurons, respectively. We have further identified a few 
continuously firing FS interneurons that have not been identified in the study by Perrenoud and 
coworkers (Perrenoud et al. 2013). However, interneurons were not the focus of  our study and just 
served as an internal control group for the CA. Herein L6B interneurons constituted as an entirely 
separate group which validates our approach.
1.4.6 Possible functional role of excitatory L6B neurons
It is not straightforward to assign a functional role to L6B neurons because of their diverse axonal 
projection pattern. Excitatory L6B non-pyramidal neurons predominantly establish corticocortical 
connections (Arimatsu et al. 2003). Further, Arimatsu and coworkers found a coexpression of the 
nuclear receptor-related 1 protein (Nurr1) and latexin, a carboxypeptidase A inhibitor in neurons 
located also in sublamina 6B (Arimatsu et al. 2003). Neurons which are Nurr1 positive contribute 
predominantly to long-range ipsilateral corticocortical projections (Andjelic et al. 2009). It is likely 
that a substantial fraction of neurons in this layer is still functionally active in adulthood. However, 
non-pyramidal neurons in layer 6 (6B) send few  or no projections to the thalamus (Prieto and 
Winer 1999) and do not contribute to callosal projections. They are mostly involved in local and 
long distance intrahemispheric circuitry (Divac et al. 1987; Vandevelde et al. 1996; Zhang and 
Deschênes 1997; Clancy and Cauller 1999). In addition, a previous study demonstrated that L6B 
neurons in contrast to L6A neurons are highly sensitive for hypocretin-orexin (Bayer et al. 2004). 
Thus L6B neurons might play a role in modulating wakefulness and stimulate widespread cortical 
activation. For the frontal premotor cortex axonal projections from layer 6B to layer 1 have been 
described (Mitchell and Cauller 2001; in this study sublamina 6B is named layer 7). However, in 
our study none of  the L6B neurons had axonal collaterals that extend beyond layers 2/3. Here we 
could demonstrate that excitatory L6B neurons are an integral part of  an extensive neuronal 
network in the infragranular layers 5A, 5B, 6A and 6B (with the exception of inverted neurons 
whose axonal domain is largely confined to layer 6). The density of  axon collaterals of L6B 
neurons is high in layers 6A and 6B suggesting strong local neuronal networks. However, some 
excitatory L6B neurons project even to layers 4 and 2/3. The density of  this projection may be 
significantly larger than observed here because of  the high possibility of axon truncation in the 
brain slice preparations. Thus L6B neurons are synaptically connected to cortical layers 6A to 2/3, 
albeit to a different degree. How  L6B neurons interact with neurons in other cortical layers remains 
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to be determined. A large fraction of deep layer 6 neurons (maybe excitatory L6B neurons) has 
been shown to exhibit corticothalamic projections to both thalamic nuclei while a minor fraction 
projects to the POm only (Bourassa and Deschênes 1995; Bourassa et al. 1995). In analogy to the 
corticothalamic projection neurons in layer 6A (Kumar and Ohana 2008), the intracolumnar 
pyramidal cell type of layer 6B might be from a corticothalamic projection type as well. We suggest 
that these neurons have a modulatory role in thalamic signal transfer, although they receive little if 
any thalamocortical input (in contrast to L6A pyramidal neurons; see also Meyer et al. 2010; 
Wimmer et al. 2010). Additional studies are needed to establish the functional roles of L6B neurons 
identified here. The first chapter of this dissertation is an exposé of our published data about 
cortical layer 6B (Marx and Feldmeyer 2013) and represents the basis for our subsequent studies 
in the following Chapters 2, 3 and 4.
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2. Chapter 2 - Layer 6B as a remnant of the developing subplate - A 
morphological comparison
2.1 Introduction
The subplate (SP) has been described as a transient lamina (Kostović and Molliver 1974; Rice and 
Van der Loos 1977) between the superficial cortical plate (CP) and the underlying white matter 
(WM). SP neurons form a very heterogeneous neuronal cell population. Previous studies classified 
these cells as highly diverse, containing inverted, horizontal, polymorphic or fusiform multipolar 
and tripolar neurons with different shapes and spiny or smooth dendrites (Kostović and Rakic 
1980; Wahle et al. 1987; Valverde et al. 1989; Kostović and Rakic 1990; Del Río et al. 2000; 
Hanganu et al. 2002). These cells are the first neurons of  the mammalian cerebral cortex and play 
a key role during cortical neurogenesis (Ghosh and Shatz 1992a,b). They are involved in a proper 
brain development during late embryonic and early postnatal stages (Allendoerfer and Shatz 1994; 
Zhou et al. 1999; Hanganu et al. 2002). The SP serves as a ‘waiting’ compartment and is 
dedicated to form a cellular scaffold for a functional maturation of  the cortex, a guidance of 
corticocortical and thalamocortical connections as well as the establishment of decent neuronal 
circuitries (Rakic 1977; Kostović and Rakic 1980; McConnell et al. 1989; Friauf et al. 1990; Ghosh 
et al. 1990; Allendoerfer and Shatz 1994; Molnár 1998; Hanganu et al. 2002). The majority of SP 
cells undergoes cell death during early postnatal days (Kostović and Rakic 1980; Luskin and Shatz 
1985a,b; Ferrer et al. 1990; Arias et al. 2002). A minor fraction (about 10-20%) may survive at least 
in part during postnatal development into adulthood. However, some SP neurons seem to 
transform to interstitial WM cells, whereas others are believed to survive as L6B neurons - a 
unique phenomenon of  rodent somatosensory cortex (Valverde and Facal-Valverde 1988; Valverde 
et al. 1989; Bayer and Altman 1991; Woo et al. 1991; Meyer et al. 1992; Valverde et al. 1995; Reep 
2000). In a recent study we already hypothesize that SP neurons are highly comparable to L6B 
neurons (see Chapter 1 as well as Marx and Feldmeyer 2013) which is consistent with previous 
suggestions (König et al. 1975; König et al. 1977; Kostović and Rakic 1980; Luskin and Shatz 
1985a,b; Reep and Goodwin 1988; Chun and Shatz 1989; Valverde et al. 1989; Bayer and Altman 
1990; Woo et al. 1991; Allendoerfer and Shatz 1994; Clancy and Cauller 1999; Torres-Reveron 
and Friedlander 2007; Friedlander and Torres-Reveron 2009; Kanold and Luhmann 2010).
So far, it has not been reported whether SP neurons persist in the adult neocortex and if  so to 
which extent. It is also not known how  they may participate in the cortical or subcortical circuitry. A 
quantitative morphological analysis of SP neurons is also not available to date. Here we present 
for the first time a detailed analysis of the somatodendritic and axonal morphology of  these 
neurons. We compared the SP and L6B morphology by using single cell recordings and 
simultaneous biocytin fillings in acute brain slices of  the primary somatosensory barrel cortex of 
early postnatal (P0-4) and late postnatal (P11-35) rats. We could identify five excitatory neuronal 
cells types in the SP with (C1a) pyramidal-like/vertical SP neurons, (C1b) inverted SP neurons, 
(C1c) ‘tangentially’-oriented SP neurons, (C1d) ‘horizontally’-oriented SP neurons and (C2) 
multipolar SP neurons. Thus we hypothesize that the heterogeneous cell population of lamina 6B 
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may be in part a remnant of the developmental SP, comprising a mixture of  newborn pyramidal 
cells and persistent non-pyramidal cells.
Figure 2-1. Morphological classification 
of biocytin-stained SP neuronal cell 
types in the early postnatal (P0-4) rat 
barrel cortex. Extended focus images at 
20-fold magnification of five different 
neuronal  cell  types in the SP. (A) Pyramidal-
like/vertical SP neuron (P3) with a triangular 
soma and an apical  dendrite oriented 
towards the pial surface. (B) Inverted SP 
neuron (P3) with an ‘apical’-like dendrite 
oriented towards the WM. (C) Horizontal 
SP neuron (P3) with an ‘apical’-like dendrite 
parallel to the pial  surface. (D) Tangential 
SP neuron (P2) with an ‘apical’-like dendrite 
tangentially oriented towards the pial 
surface. (E) Multipolar SP neuron (P3) with 
a round soma and without any preferential 
dendritic orientation. (F) Bar diagram 
illustrating in total 103 biocytin-stained (gray 
bars) SP neurons split up into five neuronal 
cell  types. A morphological analysis of SP 
neurons was based on neurons with a total 
axon length of at least 500 µm; i.e. 13 
pyramidal-like/vertical SP neurons (red), 12 
inverted SP neurons (orange), 13 tangential 
SP neurons (blue), 12 horizontal  SP 
neurons (violet) and 26 multipolar SP 
neurons (green). Scale bars in A-E = 50 µm.
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2.2 Materials & Methods
All experiments were carried out in accordance with the guidelines of  the local Landesamt für 
Natur, Umwelt und Verbraucherschutz (LANUV) of Northrhine Westphalia and Rhineland-
Palatinate. The preparation of  brain slices and whole-cell patch-clamp recording techniques as well 
as histological procedures were similar to those described previously (Hanganu et al. 2001, 2002; 
Marx et al. 2012; Radnikow et al. 2012; Marx and Feldmeyer 2013).
2.2.1 Brain slice preparations and electrophysiological recordings
In brief, for the investigation of SP neurons, Wistar pups aged 0-4 postnatal days (P0-4) were 
anesthetized by hypothermia, decapitated and 400-µm-thick brain slices of  the primary 
somatosensory cortex were cut on a vibrating microtome (TPI, St. Louis, MO, USA). During 
preparation and recording slices were maintained in an ACSF containing (in mM): 124 NaCl, 26 
NaHCO3, 3 KCl, 1.6 CaCl2, 1.8 MgCl2; 1.3 NaH2PO4, 20 D-glucose and bubbled with 95% O2 and 
5% CO2. Patch pipettes (8-15 MΩ) were filled with standard internal pipette solution containing (in 
mM): 117 potassium gluconate, 13 KCl, 1 CaCl2, 2 MgCl2, 11 EGTA, 10 HEPES, 2 Na-ATP and 0.5 
Na-GTP (pH 7.4; 333 mOsm). 0.5% Biocytin was added to the pipette solution for a later 
morphological cell type classification. Whole-cell recordings were observed under a fixed stage 
Axioskop microscope (Zeiss, Oberkochen, Germany) and SP neurons were visualized by video-
enhanced IR Nomarski optics (Hanganu et al. 2001, 2002). For the investigation of L6B neurons 
additional brain slices from Wistar rats aged P11-35 were prepared as described in Chapter 1 (see 
also Marx et al. 2012; Marx and Feldmeyer 2013). For more mature or adult tissue we used a 
modified sucrose-based preparation solution (Radnikow  et al. 2012). Single cell recordings were 
performed as usual and neurons were simultaneously filled with biocytin. For the morphological 
comparison we matched the structure of SP neurons with that of our first data set of L6B neurons 
aged P17-24 (Marx and Feldmeyer 2013) and an additional data set of L6B neurons aged P11-35.
2.2.2 Post-hoc staining, 3D reconstructions and morphological analyses
All slices were fixed at 4 °C for 12-24 h in PB containing 4% PFA. Brain tissue from the SP was 
processed by a modified protocol previously described by Schröder and Luhmann (Schröder and 
Luhmann 1997). Briefly, slices were pre-incubated for 1 h in phosphate buffered saline (PBS) with 
0.5% H2O2 followed by incubation in avidin-biotinylated peroxidase. Subsequently, slices were 
washed in PBS and Tris, incubated for 0.5 h in 20% DAB and for 10 min in DAB containing 0.01% 
H2O2. The reaction was intensified by a 2-3 min incubation in 0.5% OsO4. Afterwards, brain slices 
were dehydrated in ethanol and propylenoxide and embedded in Durcupan medium (Fluka, Buchs, 
Switzerland). Slices for L6B neurons were processed using a modified and improved protocol for 
immunohistochemistry and embedding in Eukitt medium (Marx et al. 2012; Radnikow  et al. 2012). 
3D reconstructions of  SP and L6B neurons were made with the NEUROLUCIDA® tracing software 
(Glaser and Glaser 1990) at 1,000-fold magnification. Next, L6B neurons were corrected for tissue 
shrinkage in all spatial dimensions (i.e. 1.1 in xy-dimensions and 2.1 in z-dimension; see Marx et 
al. 2012). We did not estimate a shrinkage correction factor for SP neurons embedded in 
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Durcupan. Furthermore, NEUROEXPLORER® software was used for the morphological data 
analyses. SP neurons with a total axon length < 500 µm and L6B neurons with a total axon length 
< 3,000 µm were excluded from the appropriate analyses. As previous, polar plot profiles and 
density maps were generated (Lübke et al. 2003; Helmstaedter and Feldmeyer 2010; Radnikow  et 
al. 2012; Marx and Feldmeyer 2013; see also Chapter 1). In total, five somatodendritic and four 
axonal morphological parameters were chosen, normalized and used for an unsupervised CA for 
the SP data pool (Table 2-1). All data were presented as mean ± standard deviation. Statistical 
analyses were performed using a one-way ANOVA. Statistical significance was set to P ≤ 0.05.
Table 2-1. Selected morphological parameters of SP neurons that were used for the unsupervised CA.
Dendritic morphology Axonal morphology
Total dendrite length (µm) Total axon length (≥ 500 µm)
Dendritic branching frequency (nodes/100 µm) Axonal branching frequency (nodes/100 µm)
Maximal cortical dendritic field span (µm) Maximal cortical axonal field span (µm)
Orientation of dendrites (dendritic polarity profiles) Orientation of axons (axonal polarity profiles)
Main dendrite (apical, ‘apical’-like, none)
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Figure 2-2. Cluster analysis of SP neurons and relative cell type fractions during development. (A1) 
Linkage dendrogram for the unsupervised CA of 76 SP neurons. Used morphological parameters are listed 
in Table 2-1. The x-axis represents individual cells, and the y-axis represents the mean Euclidean linkage 
distance. Two distinct main clusters could be defined: (C1) neurons with a distinct main dendrite and an 
obvious preferential dendritic orientation and (C2) neurons without any preferential  dendritic  orientation. 
Cluster C1 was further subdivided into four subclusters. Thus five excitatory SP neuronal  cell  types were 
designated as (C1a) pyramidal-like/vertical SP neurons, (C1b) inverted SP neurons, (C1c) tangential SP 
neurons, (C1d) horizontal SP neurons and (C2) multipolar SP neurons. (A2) Percentage of each SP cell type 
is shown by the pie chart, i.e. 13 pyramidal and tangential SP neurons (both 17.1%), 12 inverted and 
horizontal SP neurons (both 15.8%) as well as 26 multipolar SP neurons (34.2%). (B) The bar diagrams 
illustrating the relative fraction of each neuronal  cell type during cortical development (left bar: SP, P0-4; 
middle bar: L6B, P11-21; right bar: L6B, P22-35). We found that the relative fraction changed with increasing 
age. Pyramidal  cells were more prominent in layer 6B than in the SP, while non-pyramidal cells were less 
frequent. The fraction of inverted cells remained almost unchanged. The color code corresponds to that 
given in Figure 2-1.
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2.3 Results
2.3.1 Neuronal cell classification and clustering
3D reconstructions were traced from 103 SP neurons in somatosensory thalamocortical brain 
slices from rats aged P0-4. SP neurons were identified under transmission bright-field microscopy 
by their somatodendritic arborization. We were able to identify five excitatory neuronal cell types in 
the SP similar to those in our recent publication on L6B neurons (Marx and Feldmeyer 2013; see 
also Chapter 1). These were pyramidal-like/vertical, inverted, tangential, horizontal and multipolar 
neurons (Figure 2-1). SP neurons with a total axon length < 500 µm were excluded from the 
analysis (i.e. 27 SP reconstructions). Hence, 76 SP neurons were used for a CA based on their 
morphological parameters (Table 2-1). The dendrogram (Figure 2-2 A1) shows two distinct main 
clusters designated as: (C1) SP neurons with a prominent ‘apical’-like or apical main dendrite with 
a distinct dendritic orientation and (C2) multipolar SP neurons without any preferential dendritic 
orientation. The first neuronal cell cluster could be further subdivided, identifying four subclusters 
termed (C1a) pyramidal-like/vertical SP neurons, (C1b) inverted SP neurons, (C1c) ‘tangentially’-
oriented SP neurons and (C1d) ‘horizontally’-oriented SP neurons (see also the cutoff in Figure 
2-2 A1). In summary 13 pyramidal-like SP neurons, 13 tangential SP neurons (both 17.1%), 12 
inverted SP neurons, 12 horizontal SP neurons (both 15.8%) and 26 SP multipolar neurons 
(34.2%) could be assigned to the five neuronal cell types in the SP (Figure 2-2 A2). An exemplary 
reconstruction of each SP cell type is presented in Figure 2-3 A1-E1.
2.3.2 Subplate and morphological cell classification
The SP was identified as a layer with a relatively low  cell density between the developing CP and 
the underlying WM (Hanganu et al. 2002). SP thickness was measured to be on average about 
261 ± 77 µm, that of the neocortex in total 1,018 ± 198 µm. The relative thickness of  the SP at 
P0-4 is therefore about 26%. Cortical measurements about the layer border dimensions are quite 
similar and did not show  any significant difference, e.g. marginal zone (MZ) thickness (P = 0.721), 
CP thickness (P= 0.108), SP thickness (P = 0.859) and cortex thickness (P = 0.365). Quantitative 
parameters describing the dendritic and axonal morphology of  SP neurons are not significantly 
diverse (P > 0.05) between all five neuronal cell types. Only the total dendrite length (P = 0.046) 
and the mean dendritic field span (P = 0.003) show  a significant difference. A detailed list of the 
diverse morphological parameters for each SP cell type can be found in Table 2-2.
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Table 2-2. Morphological parameters of SP cell types.
Morphological parameters Pyramidal-like Inverted Tangential Horizontal Multipolar P Value
MZ thickness (µm) 90 ± 9 97 ± 5 93 ± 10 94 ± 5 92 ± 12 0.721
CP thickness* (µm) 682 ± 112 734 ± 215 950 ± 252 730 ± 127 756 ± 200 0.108
SP thickness (µm) 279 ± 87 270 ± 77 252 ± 88 250 ± 42 265 ± 103 0.859
Cortex thickness (µm) 961 ± 99 1,004 ± 247 1,183 ± 141 980 ± 141 1,021 ± 261 0.365
Total dendrite length (µm) 1,624 ± 649 1,904 ± 928 1,503 ± 516 1,572 ± 822 2,229 ± 961 0.046
Dendritic nodes 22.1 ± 7.5 21.8 ± 9.6 19.2 ± 12.2 19.4 ± 8.4 26.4 ± 13.2 0.264
Dendritic branching frequency 
(nodes/100 µm) 1.47 ± 0.51 1.27 ± 0.58 1.21 ± 0.36 1.29 ± 0.22 1.22 ± 0.41 0.509
Maximal dendritic extent towards the 
pial surface (µm) 320 264 335 199 452 -
Maximal dendritic extent towards the 
WM (µm) 71 298 168 154 354 -
Mean dendritic field span (µm) 121 ± 33 178 ± 62 205 ± 50 222 ± 164 207 ± 68 0.003
Mean dendrite length/PP sector** 
(µm) 22.8 ± 7.3 18.6 ± 2.5 23.8 ± 1.7 14.2 ± 1.0 23.6 ± 2.3 -
Maximal dendrite length/PP sector** 
(µm) 40.7 23.6 26.7 17.7 27.8 -
90% dendrite length density area 
(µm) 287 x 360 347 x 268 285 x 322 409 x 289 426 x 392 -
Total axon length (µm) 4,504 ± 3,557 2,825 ± 1,858 5,201 ± 4,314 3,707 ± 2,067 5,619 ± 4,821 0.260
Axonal nodes 20.2 ± 15.1 12.5 ± 8.3 19.9 ± 13.5 14.0 ± 8.6 19.4 ± 13.6 0.347
Axonal branching frequency
(nodes/100 µm) 0.49 ± 0.25 0.57 ± 0.37 0.43 ± 0.15 0.39 ± 018 0.45 ± 0.36 0.309
Maximal axonal extent towards the 
pial surface 997 576 1,000 908 1,230 -
Maximal axonal extent towards WM 
(µm) 339 524 291 375 625 -
Mean axonal field span (µm) 975 ± 231 535 ± 291 854 ± 448 593 ± 444 978 ± 419 0.282
Mean axon length/PP sector** (µm) 76.0 ± 10.851.9 ± 6.7 32.2 ± 2.9
68.0 ± 9.4
49.0 ± 6.4 50.5 ± 5.2
72.4 ± 12.9
47.2 ± 1.5 -
Maximal axon length/PP sector** (µm) 97.163.4 38.5
82.8
60.5 60.7
96.7
49.1 -
90% axon length density area (µm) 1,170 x 967 610 x 617 1,248 x 1,210 762 x 641 1,405 x 1,092 -
* inclusive cortical  laminae 5 and 6; ** PP = polar plot; the mean and maximum values refer to the main 
dendritic  or axonal  polarity of the appropriate SP cell type. MZ, marginal  zone; CP, cortical plate; SP, suplate; 
WM, white matter
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2.3.2.1 Cluster C1: SP neurons with an ‘apical’-like or apical main dendrite with a distinct 
orientation
2.3.2.1.1 Pyramidal-like/vertical SP neurons
The first subgroup of the first cluster, i.e. C1a comprises 13 pyramidal-like/vertical neurons (Figure 
2-2 A1,2). These neurons have an apical main dendrite that have a clear and almost vertical 
orientation (Figures 2-3 A1, 2-6 A1, 2-8 A1, 2-9 A and Table 2-2). They extend up to 320 µm into 
the superficial CP. A few  basal dendrites are recognizable which extend obliquely from the soma 
and show  a circular-like pattern around the soma. Pyramidal-like SP neurons have a total dendrite 
length of  1,624 ± 649 µm, 22.1 ± 7.5 nodes and a high dendritic branching frequency (1.47 ± 0.51 
nodes/100 µm). In contrast, they have a small mean dendritic field span of  121 ± 33 µm. The main 
dendritic projection towards the pial surface is at a polar plot angle of about 0 ± 25° (Figure 2-4 
A2). The dendritic density of pyramidal-like SP neurons is extremely high and the corresponding 
density map very narrow. It is mainly located in the SP with few  projections into the CP (Figure 2-6 
A2). The total axon length of these neurons is about 4,504 ± 3,557 µm with 20.2 ± 15.1 nodes and 
an axonal branching frequency of 0.49 ± 0.25 nodes/100 µm. Axon collaterals show  a maximum 
extent of  997 µm towards the pial surface and 339 µm towards and into the WM, respectively. 
Some axons project throughout the CP and are found occasionally in the MZ. Beside multipolar 
SP neurons pyramidal-like SP neurons have a high axonal field span, on average 975 ± 231 µm. 
The axonal polar plot reveals a main orientation towards the pial surface (i.e. polar plot angles of 0 
± 30°), but as well in horizontal directions (90° and 270° ± 10°; see Figure 2-5 A2). Furthermore, 
pyramidal-like SP neurons have a high axonal length density within the SP and in the superficial 
CP (Figure 2-6 A3).
2.3.2.1.2 Inverted SP neurons
Twelve inverted SP neurons are assigned to the second subgroup of the first cluster, i.e. C1b 
(Figure 2-2 A1,2). They show  an atypically oriented ‘apical’-like main dendrite which often extends 
from the basal site of the soma and directly projects towards the WM (Figures 2-3 B1, 2-6 B1, 2-8 
B1, 2-9 A and Table 2-2). Inverted SP neurons show  different morphological shapes and have a 
total dendritic length of  1,904 ± 928 µm, 21.8 ± 9.6 nodes and a branching frequency of 1.27 ± 
0.58 branches/100 µm. The dendritic projections extend up to 264 µm towards the pial surface and 
298 µm towards and into the WM. Hardly any dendrite extends beyond the SP. Inverted SP 
neurons have a mean dendritic field span of 178 ± 62 µm. The dendritic polar plot shows a main 
orientation towards the WM (i.e. polar plot angles of 180 ± 25°; see Figure 2-4 B2). The 90%-
contour line of the dendritic length density map is largely limited to the SP and the WM (Figure 2-6 
B2). Inverted SP neurons have a short total axon length of 2,825 ± 1,858 µm with 12.5 ± 8.3 
bifurcating nodes, but in contrast a ‘very high’ axonal branching frequency of  0.57 ± 0.37 branches/
100 µm. Axon collaterals remain mainly in the SP and extend up to 524 µm towards and into the 
WM as well as to some extent (i.e. 576 µm) to the lower CP. The mean axonal field span for this 
cell type is 535 ± 291 µm and with that the smallest of all SP cell types. The axonal polar plot 
shows a more left-sided polarity (i.e. polar plot angles of 270 ± 25°; see Figure 2-5 B2). The 90%-
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contour line of  the axonal density map of inverted SP neurons lies within the SP and in the lower 
CP (Figure 2-6 B3).
2.3.2.1.3 ‘Tangentially’-oriented SP neurons
The third subgroup of the first cluster, i.e. C1c, comprises 13 tangential SP neurons (Figure 2-2 
A1,2) with a thick ‘apical’-like main dendrite extending obliquely (posterior-medial or anterior-lateral) 
from the soma (Figures 2-3 C1, 2-6 C1, 2-8 C1, 2-9 A and Table 2-2). Tangential SP neurons have 
a short total dendrite length of 1,503 ± 516 µm, 19.2 ± 12.2 nodes and a dendritic branching 
frequency of 1.21 ± 0.36 branches/100 µm. Dendrites extend up to 335 µm towards the pial 
surface and 168 µm towards the WM and terminate mainly in the local SP. Their maximal dendritic 
field span is 205 ± 50 µm. A preferential dendritic projection tangentially towards the pia is shown 
by the dendritic polar plot with angles of 45 ± 25°(Figure 2-4 C2). The 90% dendrite length density 
of tangential SP neurons is mainly distributed within the SP (Figure 2-6 C2). The total axon length 
of this SP cell type is 5,201 ± 4,314 µm with 19.9 ± 13.5 nodes and an axonal branching frequency 
of 0.43 ± 0.15 branches/100 µm. Tangential SP neurons show  a high collateralization throughout 
the developing cortex. Some axon collaterals project to the MZ. In general, axon collaterals extend 
up to 1,000 µm towards the pial surface and 291 µm towards the WM, respectively. They have a 
mean axonal field span of  854 ± 448 µm. The axonal polarity has an orientation similar to that of 
pyramidal-like SP neurons, i.e. towards the pial surface (i.e. polar plot angles of  90° and 270° ± 
25°; see Figure 2-5 C2). The 90%-contour line of the axonal density map of these neurons is 
rather broad and located largely in the SP and CP (Figure 2-6 C3).
2.3.2.1.4 ‘Horizontally’-oriented SP neurons
The fourth subgroup of the first cluster, i.e. C1d (Figure 2-2 A1,2) comprises nine neurons with a 
‘horizontally’-oriented ‘apical’-like main dendrite extending from the posterior-medial or anterior-
lateral site of the soma (Figures 2-3 D1, 2-6 D1, 2-8 D1, 2-9 A and Table 2-2). Horizontal SP 
neurons have a total dendritic length of 1,572 ± 822 µm, 19.4 ± 8.4 nodes and a dendritic 
branching frequency of 1.29 ± 0.22 branches/100 µm. Dendrites extend only 199 µm towards the 
pial surface and 154 µm towards the WM. The dendritic polar plot shows mainly a horizontal 
dendritic orientation (i.e. polar plot angles of 180° and 270° ± 25°), but as well a negligible vertical 
orientation towards the pial surface (Figure 2-4 D2). The dendritic domain of horizontal SP neurons 
has a horizontal distribution within the SP (Figure 2-6 D2). The total axon length is 3,707 ± 2,067 
µm with 14.0 ± 8.6 nodes and a low  axonal branching frequency of  0.39 ± 0.18 branches/100 µm. 
Horizontal SP axon collaterals ascend up in a narrow  band up to 908 µm and reaches occasionally 
the marginal zone (MZ). Some axons project up to 375 µm towards and into the WM. The mean 
axonal field span is 593 ± 444 µm. The axonal polar plot shows a slight orientation towards the pial 
surface (i.e. polar plot angles of  0 ± 25°; see Figure 2-5 D2). The 90%-contour line of  the axon 
length density is located in the SP and the lower CP with a medium-ranged axonal domain (Figure 
2-6 D3).
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Figure 2-3. Examples of individual excitatory SP and L6B neurons of each cell type. A representative 
reconstruction for a (A1) pyramidal-like/vertical SP neuron, (A2) pyramidal L6B neuron, (B1,2) inverted SP/
L6B neuron, (C1,2) tangentially SP/L6B neuron, (D1,2) horizontally SP/L6B neuron and (E1,2) multipolar SP/
L6B neuron is shown. The nomenclature A, B, C, D, E is in accordance with the clustering in Figure 2-2 A1 
(i.e. cluster C1a, C1b, C1c, C1d and C2). Note the different somatodendritic  morphology between SP/L6B 
cell  types and the similar somatodendritic orientation between SP (A1-E1) and L6B (A2-E2) cells. Dendrites 
are shown in red and axons in blue, respectively. Scale bars = 100 µm.
Chapter 2
38
2.3.2.2 Cluster C2: SP multipolar neurons without any preferential dendritic orientation
Multipolar SP neurons. The second cluster, i.e. C2, comprises 26 multipolar neurons (Figure 2-2 
A1) which have no dominant apical or ‘apical’-like main dendrite (Figures 2-3 E1, 2-6 E1, 2-8 E1, 
2-9 A and Table 2-2), but instead various dendrites running in diverse directions. This SP cell type 
has the highest total dendritic length of 2,229 ± 961 µm of all SP cell types with 26.4 ± 13.2 nodes 
and a dendritic branching frequency of  1.22 ± 0.41 branches/100 µm. Multipolar SP neurons have 
a broad dendritic domain within the SP and projections into the superficial CP (up to 452 µm) and 
the underlying WM (up to 354 µm). Their mean dendritic field span is 207 ± 68 µm. The dendritic 
polar plot shows a high dendritic orientation towards the pial surface (i.e. polar plot angles of  0 ± 
45°; see Figure 2-4 E1). The area within the 90%-contour line of  the dendritic length density map is 
the largest one of all SP cell types (Figure 2-6 E2). A high total axon length of  5,619 ± 4822 µm 
with 19.4 ± 13.6 nodes and an axonal branching frequency of 0.45 ± 0.36 branches/100 µm is 
characteristic for this SP cell type. The axonal projection of multipolar SP neurons is distributed 
throughout the cortex with some collaterals ascending up to 1,230 µm towards the pial surface, 
others project with 625 µm into and beyond the WM. The mean axonal field span is 978 ± 419 µm 
(occasionally the highest of  all SP cell types). The axonal polarity is comparable to those of 
pyramidal-like and tangential SP neurons with predominant axonal projections in vertical directions 
towards the pial surface (i.e. polar plot angles of  0 ± 25° and 90° and 270 ± 10°; see Figure 2-5 
E2). The axonal domain of multipolar SP neurons has a broad length density map which is not 
confined to a specific cortical region, but rather covers the SP as well as the CP to a high degree 
(Figure 2-6 E3).
2.3.3 Morphological comparison of SP and L6B neurons during cortical brain development
Both the SP and layer 6B comprise a very heterogeneous neuronal cell population. We 
hypothesize that L6B neurons could be indeed a remnant cell population of  the developing SP. In a 
recent study we already identified five excitatory neuronal cell types in neocortical lamina 6B (Marx 
and Feldmeyer 2013), i.e. pyramidal neurons (31.0%; C1, red), inverted neurons (11.5%; C2a, 
orange), tangential neurons (11.5%, C2b, blue), horizontal neurons (10.3%, C2c, violet) as well as 
multipolar neurons (35.6%, C3, green; see Figure  1-3). For a morphological comparison with L6B 
neurons we compared our SP data pool (n = 76) with that of  our recent study in Chapter 1 (n = 87; 
Marx and Feldmeyer 2013) and with an additional L6B data pool (n = 144). Both L6B data pools (in 
total: n = 231) were derived from brain tissue aged P11-35. We found that a change in the relative 
fraction of each cell type occurred with increasing age. The relative fraction of  pyramidal cells 
increased about 17.5% on average from SP to layer 6B. The relative fraction of  tangential, 
horizontal and multipolar cells decreased about 5.0%, 6.7% and 5.6% on average from SP to layer 
6B, respectively. The relative fraction of inverted cells remains almost unchanged (about 0.2% 
decrease; see Figure 2-2 B). In summary, both SP and L6B cell types have similar morphological 
properties in the somatodendritic and axonal domain. Individual neurons of  each SP and L6B cell 
type show that common dendritic projections exist in early and late postnatal neurons.
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Figure 2-4. Dendritic polarity of SP and L6B neurons. Three-dimensional reconstructions of SP (A1-E1) 
and L6B (A4-E4) neurons and their respective polar plots (SP: A2-E2; L6B: A3-E3) are shown. The polar plots 
represent the characteristic dendritic orientation of (A1,2) pyramidal-like/vertical  SP neurons (A3,4) pyramidal 
L6B neurons, (B1,2, B3,4) inverted SP/L6B neurons, (C1,2, C3,4) tangential SP/L6B neurons, (D1,2, D3,4) 
horizontal SP/L6B neurons and (E1,2, E3,4) multipolar SP/L6B neurons. The mean dendritic  length was 
calculated for 120 ‘3° sectors’ with the aid of NEUROEXPLORER® using cubic  spline smoothing and plotted 
in angular subdivision around the soma. The radian depicts degree in angles (°) and is encoded with 0° 
towards the pial surface, 90° towards the posterior-median axis, 180° towards the WM and 270° towards the 
anterior-lateral axis, respectively. The color code corresponds to that given in Figures 2-1 and 2-2 and the 
nomenclature A, B, C, D, E is in accordance with the clustering, i.e. C1a, C1b, C1c, C1d and C2, 
respectively. All neuronal cell  reconstructions are superimposed and soma-centered. Axons in A1-E1 and A4-
E4 are represented in gray. Scale bars for SP neurons in A1-E1 = 400 µm and for L6B neurons in A4-E4 = 
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Figure 2-5. Axonal polarity of SP and L6B neurons. Three-dimensional reconstructions of SP (A1-E1) and 
L6B (A4-E4) neurons and their respective polar plots (SP: A2-E2; L6B: A3-E3) are shown. The polar plots 
represent the characteristic  axonal orientation of (A1,2) pyramidal-like/vertical  SP neurons (A3,4) pyramidal 
L6B neurons, (B1,2, B3,4) inverted SP/L6B neurons, (C1,2, C3,4) tangential SP/L6B neurons, (D1,2, D3,4) 
horizontal SP/L6B neurons and (E1,2, E3,4) multipolar SP/L6B neurons. Caption of Figure 2-5 is in 
accordance with that given in Figure 2-4. Dendrites in A1-E1 and A4-E4 are represented in gray. Scale bars 
for SP neurons in A1-E1 = 400 µm and for L6B neurons in A4-E4 = 250 µm.
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2.3.4 Differences and similarities between density maps and polarity profiles  of SP and L6B 
neurons
While no major changes in the axonal polarity of pyramidal-like SP and pyramidal L6B neurons 
(Figure 2-5 A1-4) as well as multipolar SP/L6B neurons (Figure 2-5 E1-4) occurred, inverted, 
tangential and horizontal SP/L6B neurons show  an intense change in their axonal polarity profiles. 
At later postnatal stages these neurons have a more prominent polarity towards horizontal 
directions, i.e towards the posterior-median axis and the anterior-lateral axis, while at early 
postnatal stages SP neurons show  also higher polarities towards the pial surface (Figures 2-5 
B1-4, C1-4, D1-4). The same applies for the comparison of  SP and L6B length density maps. 
Although the dendritic length density of each SP cell type is quite comparable to that of  L6B 
neurons, small changes can be observed during development (Figures 2-6 A1,2-E1,2 and 2-7 A1,2-
E1,2). Density maps of the dendritic domains reflect much better the dendritic projection pattern at 
later postnatal ages in consequence of neuronal growth. Especially pyramidal neurons show  a 
much more barrel-confined density at P11-35 (Figures  2-6 A2 and 2-7 A2) and tangential neurons 
a higher dendritic density in adjacent regions (Figures 2-6 C2 and 2-7 C2). A strong change in the 
axonal domain of each SP/L6B cell type can be seen during age. Pyramidal neurons have a high 
axonal density throughout the cortex in the SP, but a more barrel-confined density within layer 6B 
(as observed for the dendritic domain of pyramidal cells; see Figures 2-6 A3 and 2-7 A3). 
Multipolar SP and L6B neurons have an almost high axonal density throughout brain development 
(Figures 2-6 E3 and 2-7 E3). Density map developments of  inverted, tangential and horizontal 
neurons show  a common degeneration of axonal structures throughout the cortex and towards the 
pial surface (Figures 2-6 B3, 2-7 B3, 2-6 C3, 2-7 C3, 2-6 D3 and 2-7 D3). Higher densities of the 
axonal domain are only found in the lower neocortical laminae at later postnatal stages. Based on 
the data from the somatodendritic and axonal morphology, polarity and density of SP and L6B 
neurons, we suggest that neocortical lamina 6B consists of a mixture of  newborn pyramidal cells 
and non-pyramidal cells (i.e. inverted, tangential, horizontal and multipolar neurons). These may 
partly persist from the developmental SP into adulthood. Therefore some cell types undergo a 
strong morphological change during age, especially in their axonal domain.
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Figure 2-6. Dendritic and axonal density maps of SP neurons. (A1-E1) Reconstruction overlays, (A2-E2) 
dendritic  length density maps and (A3-E3) axonal length density maps of each SP cell  type are shown for (A) 
pyramidal-like neurons, (B) inverted neurons, (C) tangential neurons, (D) horizontal  neurons and (E) 
multipolar neurons. All dendritic  and axonal reconstructions are superimposed with respect to their soma 
center (presented by yellow dots). The white contour lines superimposed on the density maps (in A2,3, B2,3, 
C2,3, D2,3, E2,3) enclose 70%, 80% and 90% of the integrated dendrite and axon length density, respectively. 
Dendrites and dendritic  density maps are shown in red, axons and axonal density maps in blue. The 
nomenclature A, B, C, D, E is in accordance with the clustering in Figures 2-1 and 2-2 (i.e. C1a, C1b, C1c, 
C1d and C2). MZ, marginal zone; CP, cortical plate; SP, subplate; WM, white matter. Scale bar = 400 µm.
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Figure 2-7. Dendritic and 
axonal density maps of 
L6B neurons.
(A1-E1) Reconstruction 
overlays, (A2-E2) dendritic 
length density maps and 
(A3-E3) axonal length 
density maps of each 
layer 6B cell type are 
shown for (A) pyramidal 
neurons, (B) inverted 
neurons, (C) tangential 
neurons, (D) horizontal 
neurons and (E) multipolar 
neurons. All dendritic  and 
axonal reconstructions are 
superimposed with re-
spect to their soma center 
(yellow dots). L4 Barrels 
and a def ined barrel 
column are represented 
as white rectangles and 
dashed lines. Dendrites 
and dendri t ic density 
maps are shown in red, 
axons and axonal  density 
maps in blue. Caption of 
F i g u r e 2 - 7 i s i n 
accordance wi th that 
given in Figure 2-6. Scale 
bar = 300 µm.
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2.4 Discussion
2.4.1 Summary
The SP zone achieves its maximal proliferation between P0-4 and possesses about 20-30% of the 
developing cortex. It reaches its maximum amount of cells about P3-4 and decreased in width 
during later perinatal stages (Rice and Van der Loos 1977; Kostović and Rakic 1980; Woo et al. 
1991). Upon their morphology, we characterize five distinct excitatory neuronal cell types in the SP. 
Further we compared the SP cell morphology with that of L6B neurons in the adolescent (2nd to 3rd 
postnatal week; i.e. P11-21) and more mature and adult (4th to 5th postnatal week; i.e. P22-35) 
somatosensory cortex. Our data provides for the first time a quantitative morphological analysis of 
SP neurons with two distinct cell clusters and five main cell types, i.e. (C1a) pyramidal-like SP 
neurons, (C1b) inverted SP neurons, (C1c) tangential SP neurons, (C1d) horizontal SP neurons 
and (C2) multipolar SP neurons. Those five cell types of  the SP classification are comparable to 
that of our L6B classification (see Chapter 1 and Marx and Feldmeyer 2013). However, we 
hypothesize that analogies in the dendritic and axonal domain as well as in their polarity profiles 
and density maps could be evident for an incorporation of surviving SP cells in future layer 6B - at 
least for the adult rodent somatosensory cortex.
2.4.2 Previous studies
The SP is a transient lamina in the developing cortex and contains a high variety of  neuronal cell 
types with respect to morphology, target projection, electrophysiology and neurotransmitter identity 
(Marin-Padilla 1970; Kostović  and Rakic 1980; Del Río et al. 2000; Hanganu et al. 2002; Hoerder-
Suabedissen and Molnár 2012). The fate of SP cells is still a matter of  debate. In general, SP cells 
disappear by programmed cell death (about 50-80% depending on the species) between perinatal 
development and adulthood (Luskin and Shatz 1985a,b; Ferrer et al. 1990; Meyer et al. 1992; 
Price et al. 1997; Arias et al. 2002). In cat, monkey and human cortex SP neurons largely undergo 
apoptosis or are transformed to interstitial WM cells (Kostović and Rakic 1980; Valverde and Facal-
Valverde 1988; Chun and Shatz 1989; Valverde et al. 1989; Kostović and Rakic 1990; Woo et al. 
1991; Valverde et al. 1995). In contrast, in rodent neocortex at least some SP cells survive as a 
uniform layer which might be the future layer 6B (Woo et al. 1991; Reep 2000). These remnant SP 
cells within layer 6B play an important functional and structural role in cortical processing, while in 
the adult human neocortex SP neurons may be related to pathophysiological diseases like 
epilepsy and schizophrenia (Kanold and Luhmann 2010; Kostović et al. 2011). The fate of SP cells 
possibly depends on structure or connectivity of  individual neuronal cell types, but it is still unclear 
why SP cells survive in rodents contrary to carnivores and primates. Neocortical organization in 
primary sensory cortices and in functional columns is based locally on microcolumns and globally 
on cortical maps (Mountcastle 1957). The formation of  these structurally elements is regulated by 
SP cells during late embryonic and early postnatal development. A lack of SP neurons, e.g. by 
precocious programmed cell death, prevents a proper brain development in terms of  the 
establishment of (thalamocortical) connections, synchronization of  activity patterns and in the 
maturation of a columnar architecture (Ghosh and Shatz 1992a,b; Jones 1995; Zhou et al. 1999; 
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Kanold et al. 2003; Kanold and Shatz 2006; Luhmann et al. 2009; Tolner et al. 2012; Viswanathan 
et al. 2012). SP cells, as the earliest-generated neurons, play a key role in multiple developmental 
pioneer tasks (Marin-Padilla 1971; Kostović and Molliver 1974; Marin-Padilla 1978; Kostović and 
Rakic 1980; Goodman et al. 1984; Luskin and Shatz 1985a,b; Kostović and Rakic 1990; 
Allendoerfer and Shatz 1994). They contribute to intrinsic cortical circuits (Kristt 1979b; Tömböl 
1984) and are suggested to synchronize the activity of extrinsic and intrinsic signals as well as 
their processing throughout the cortex (Voigt et al. 2001). SP cells provide a partly transient relay 
station, a guidance system for axonal pathfinding and consequently the establishment of 
corticocortical and corticothalamic connections (Reep and Goodwin 1988; McConnell et al. 1989; 
Bayer and Altman 1990; Friauf et al. 1990; Ghosh et al. 1990; Woo et al. 1991; Allendoerfer and 
Shatz 1994; Molnár 1998; Viswanathan et al. 2012). After establishment of the thalamus-layer 4 
circuitry, SP (as well as future L6B) connections to the thalamus disappear. A decrease within the 
thalamus-SP-layer 4 circuitry goes along with a direct thalamocortical pathway between the 
thalamic nuclei and layer 4 (Higashi et al. 2005; Friedlander and Torres-Reveron 2009; Kanold and 
Luhmann 2010; Liao and Lee 2012).
Figure 2-8. Superimposed 3D reconstructions of all five SP and L6B cell types. All 3D reconstructions 
of each SP and L6B neuronal cell type are shown for (A1) pyramidal-like/vertical SP neurons, (A2) pyramidal 
L6B neurons, (B1, B2) inverted SP/L6B neurons, (C1, C2) tangential SP/L6B neurons, (D1, D2) horizontal SP/
L6B neurons and (E1, E2) multipolar SP/L6B neurons. All  reconstructions are superimposed and aligned by 
their soma-center (presented by  yellow dots). Barrels in layer 4 (A2-E2) are represented as white rectangles. 
Scale bars in A1-E1 = 400 µm and in A2-E2 = 250 µm.
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2.4.3 Pyramidal-like SP and non-pyramidal SP neurons
We investigated five excitatory neuronal SP cell types with pyramidal-like, inverted, tangential, 
horizontal and multipolar neurons comprising a very heterogeneous neuronal cell population. This 
heterogeneity is also found in other species such as mice, cats, monkeys and humans (Kostović 
and Rakic 1980; Tömböl 1984; Ferrer et al. 1986a,b; Valverde and Facal-Valverde 1988; Valverde 
et al. 1989; Friauf et al. 1990; Mrzljak et al. 1992; Hanganu et al. 2002; Kanold and Luhmann 
2010). Hanganu and coworkers already distinguished between five to six neuronal cell types in the 
SP, i.e. bitufted and monotufted horizontal, multipolar, inverted, polymorphous and fusiform SP 
neurons (Hanganu et al. 2002). We summarized the groups of bitufted and monotufted horizontal 
cells to a common group of  ‘horizontally’-oriented SP neurons. Pyramidal SP neurons are rare. 
Well-developed pyramidal cells were not observed within the SP which is in accordance with 
earlier findings (Marin-Padilla 1971, 1972). Thus we referred to those neurons in cluster C1a as 
pyramidal-like or vertical SP neurons. Pyramidal-like SP neurons have an apical main dendrite 
extending vertically from the soma and show  a dendritic domain with a distinct polarity towards the 
pial surface which is very similar to that of future pyramidal neurons. Inverted, tangential, horizontal 
and multipolar SP neurons (i.e. C1b, C1c, C1d and C2) are designated to be non-pyramidal cell 
types. Non-pyramidal SP cells have a diverse morphology with ‘apical’-like main dendrites in 
horizontal, inverted or ‘tangentially’-oriented directions or multipolar neurons without an ‘apical’-like 
main dendrite (Clancy and Cauller 1999; Killackey and Sherman 2003; Torres-Reveron and 
Friedlander 2007; Andjelic et al. 2009). Each SP cell type is characterized by a distinct dendritic 
domain. A reorganization of  SP dendrites occur during the first two postnatal weeks (Valverde et al. 
1989; Robertson et al. 2000; Liao and Lee 2012). During development, dendrites undergo a strong 
increase in branching and total dendrite length resulting in an increase of cell complexity. 
Moreover, SP cells have a dense and local axonal domain and axon collaterals project throughout 
the CP and occasionally up to the MZ (except for the axonal domain of inverted SP neurons). This 
has been found for both local and long-range axonal connections (McConnell et al. 1989; Friauf et 
al. 1990; De Carlos and O'Leary 1992; Finney et al. 1998; Clancy and Cauller 1999; Tomioka et al. 
2005; Higo et al. 2007; Luhmann et al. 2009; Kanold and Luhmann 2010).
Nevertheless, the gradual disappearance of  the SP is associated with the establishment and 
foundation of corticocortical connections in terms of  future layer 6B (Nicolelis et al. 1991; Reep 
2000). It has been reported that L6B neurons establish few  or no corticothalamic connections, but 
reveal well-established corticocortical projections during development (Reep and Goodwin 1988; 
Vandevelde et al. 1996; Clancy and Cauller 1999; Prieto and Winer 1999). However, a persistent 
fraction of  SP cells does not undergo degeneration and atrophy, but may contribute to the 
formation of a future lamina 6B cell population (Woo et al. 1991; Valverde et al. 1995; Robertson et 
al. 2000; Arias et al. 2002; Heuer et al. 2003; Wang et al. 2011). We could prove that SP and L6B 
cells have indeed a high morphological similarity. Both the SP and layer 6B have a diverse 
glutamatergic population which could not been found in any other cortical layer (Tömböl 1984; 
Zhang and Deschênes 1997; Prieto and Winer 1999; Andjelic et al. 2009). Because of the 
morphological similarity of  SP and L6B neurons it has been suggested previously that SP cells 
Chapter 2
47
could be part of the intermediate zone or future layer 6B (Marin-Padilla 1970; Valverde et al. 1989). 
However, we suggest that a relative fraction (about two-third) of all SP neurons may be still active 
in adulthood and, in case of rodent somatosensory cortex, in the shape of L6B neurons.
2.4.4 Functional role of excitatory SP and subsequent L6B cells
SP cells have been reported to be cortical gatekeepers. Due to their diverse somatodendritic and 
axonal projection pattern they may affect the information flow  in and out of the superficial cortical 
layers by feed-forward and feedback projections (Friedlander and Torres-Reveron 2009; Judaš et 
al. 2010). We suggest that SP cells and future L6B neurons are well interconnected with neurons 
in other cortical layers as well as cortical and subcortical regions. Thalamocortical axons that 
collateralize in layer 6 as well as neurons from layers 2/3 with ascending axons towards the WM 
may provide synaptic input on L6B neurons. Axon collaterals of newborn pyramidal cells and non-
pyramidal cells in layer 6B may innervate upper L5, L4 and even L2/3 neurons. In addition, the 
axons of  excitatory non-pyramidal L6B neurons were not confined to their home barrel column and 
projected often over several adjacent columns forming corticocortical connections (Valverde et al. 
1989; Molinari et al. 1995; Zhang and Deschênes 1997; Clancy and Cauller 1999; Binzegger et al. 
2005; Andjelic et al. 2009; Chung et al. 2009; Marx and Feldmeyer 2013).
Our data supports the hypothesis that L6B cells as remnants of  the SP may cause a strong 
excitation of  the cortical columns and are involved in the maintenance of  sleep and wakefulness 
(Bayer et al. 2004; Sakurai 2007; Chung et al. 2009). Furthermore, similarities between the SP and 
layer 6B were found regarding some neuronal marker proteins like the orphan nuclear receptor 
Nurr1, CTFG, Cplx3 and Lpar1-GFP (Hoerder-Suabedissen and Molnár 2012). Nurr1 was found to 
be very heterogeneous in excitatory cortical neurons. L6B neurons were found to have a 
predominant expression of Nurr1 which appears to be also a modulator of  cortical arousal and 
wakefulness (Arimatsu et al. 2003; Beglopoulos et al. 2005). Arimatsu and coworkers found that a 
relative fraction of latexin-negative neurons subsist from the SP and exist beside newborn latexin-
positive L6B neurons (Arimatsu et al. 1999a; Arimatsu et al. 2003). It would be of great interest if 
there is a distinct morphological difference between newborn L6B latexin-positive and latexin-
negative neurons. Future studies regarding paired recordings, neuromodulation and especially 
neuronal markers (e.g. the FoxP2 protein) are desirable to investigate the genesis of layer 6B and 
to assign a distinct functional role to L6B neurons in the circuitries of the rodent somatosensory 
cortex (see subsequent Chapters 3 and 4).
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Figure 2-9 Somatodendritic morphology of SP and L6B neurons in the somatosensory barrel cortex. 
Exemplary reconstructions of (A) SP and (B) L6B neuronal cell  types identified in this and a previous study 
(Chapter 1, Figure 1-5; see also Marx and Feldmeyer 2013). The color code for the somatodendritic domain 
of each neuron corresponds to that given in Figure 2-1, i.e. pyramidal-like SP and pyramidal  L6B neurons 
(red), inverted SP/L6B neurons (orange), tangential  SP/L6B neurons (blue), horizontal  SP/L6B neurons 
(violet) and multipolar SP/L6B neurons (green). Note the different somatodendritic morphology between 
each SP and L6B cell  type and the similar somatodendritic  morphology between identical clusters of the SP 
and layer 6B. Scale bars in A and B = 100 µm.
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3. Chapter 3 - Expression pattern and distribution of the forkhead-box protein 
P2 (FoxP2) in layer 6B of the somatosensory rat barrel cortex
3.1 Introduction
The data presented in Chapters 1 and 2 suggest that cortical layer 6B contains five distinct 
excitatory neuronal cell types. These are pyramidal neurons, neurons with an inverted, tangential 
or horizontal main dendrite and multipolar neurons (Marx and Feldmeyer 2013). In addition, 
Perrenoud and coworkers described a very diverse population of L6 interneurons (Perrenoud et al. 
2013). Furthermore, we compared the morphology of SP and L6B neurons in Chapter 2. We 
hypothesized that layer 6B could be a remnant of  the developing SP and persists at least partly 
into adulthood. As a further step in the characterization of layer 6B we analyzed the expression of 
the forkhead-box protein P2 (FoxP2) in somatosensory L6B neurons.
3.1.1 The forkhead-box protein P2
In recent years the forkhead-box protein P2 (FOXP2) and its functions have been studied 
intensively. FOXP2 belongs to the Fox subfamily of transcription factors. The molecular 
architecture of FOXP2 is composed of  a forkhead-box DNA-binding domain, a polyglutamine tract, 
a zinc finger and a leucine zipper (Kaestner et al. 2000; Lai et al. 2001; Shu et al. 2001; Bowers et 
al. 2013). Due to its forkhead-box, FOXP2 was found to be a regulator of gene expression and it 
plays an important role in the development of various tissues, e.g. brain, heart, lung, gut, 
esophagus and many others (Shu et al. 2001; Enard et al. 2002; Shu et al. 2007). The FOXP2 
transcription factor regulates both the expression and inhibition of gene cascades. Quite a great 
number of these genes are also involved in a normal brain development, i.e. neuronal patterning, 
neurite outgrowth, somatodendritic and axonal morphology as well as connectivity (Spiteri et al. 
2007; Vernes et al. 2007; Schulz et al. 2010; Mukamel et al. 2011; Vernes et al. 2011; Bowers et al. 
2013). FOXP2 is the first and so far the only transcription factor found to be involved in the 
development of speech, vocalization as well as vocal learning and plays an important role in neural 
development of avian and mammalian species (Enard et al. 2002; Haesler et al. 2004; Scharff  and 
Haesler 2005; Haesler et al. 2007; Ackermann 2008; Fisher and Scharff  2009; Bolhuis et al. 2010). 
Functional studies in mice and songbirds reveal that FoxP2 has a modulating function of neuronal 
circuits and is required for a proper brain development (Haesler et al. 2007; Groszer et al. 2008; 
Fisher and Scharff  2009). FoxP2 expression is temporally and spatially upregulated and 
downregulated in songbirds depending on their phases of  vocal learning (Teramitsu and White 
2006; Haesler et al. 2007). Further, FoxP2 is also expressed in a temporally and spatially dynamic 
pattern in the zebrafish (Bonkowsky and Chien 2005).
3.1.2 Malfunctions of the FOXP2 protein
Point mutations or chromosomal rearrangements may result in a dysfunction of  the FOXP2 protein 
and thus in a loss of  its function as a regulator of gene expression (Lai et al. 2001; MacDermot et 
al. 2005; Feuk et al. 2006). Functional studies have shown previously that mutated FOXP2 
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proteins are associated with severe speech and language disorders, deficits in motor-skill learning 
in humans, impaired vocal learning in songbirds, abnormal synaptic plasticity, a reduced dopamine 
level and morphological changes in mice, e.g. changes in the corticostriatal and corticocerebellar 
pathways (Lai et al. 2001; Shu et al. 2005; Fujita et al. 2008; Groszer et al. 2008; Enard et al. 
2009; Fisher and Scharff 2009). Brain abnormalities are related to cortical areas like the motor 
cortex and other language related regions. This implies severe disorders of vocalization as well as 
behavioral and cognitive abnormalities (Belton et al. 2003; Fisher et al. 2003; Banerjee-Basu and 
Baxevanis 2004; MacDermot et al. 2005). In addition, FOXP2 malfunctions are partially related to 
neurological disorders in humans, like autism and schizophrenia (Gong et al. 2004; Sanjuan et al. 
2006; Crespi 2007; Fatemi et al. 2008; Vernes et al. 2008; Fisher and Scharff 2009; Carney et al. 
2010).
3.1.3 Previous studies about FOXP2 expression and distribution
The expression pattern of FOXP2 is equally distributed in humans, mice and songbirds. Previous 
studies described that FOXP2 is continuously expressed in the cerebral cortex, the striatum, the 
thalamus, the cerebellum and in other regions of the central nerve system (CNS), e.g. the spinal 
cord (Ferland et al. 2003; Lai et al. 2003; Takahashi et al. 2003; Groszer et al. 2008; Campbell et 
al. 2009; Fisher and Scharff  2009; Morikawa et al. 2009; Bolhuis et al. 2010; Hisaoka et al. 2010). 
In mouse neocortex FoxP2 expression is confined to cortical lamina 6 (Ferland et al. 2003; 
Hisaoka et al. 2010; Reimers-Kipping et al. 2011). However, only few  studies are available about a 
FoxP2 expression pattern of the early postnatal and adult rat cortex. So far, it is unknown to what 
extent FoxP2 participates in the establishment and/or maintenance of neuronal microcircuits. 
Comparable descriptions of FoxP2 expression pattern on the cellular level are still absent. 
Therefore, we wanted to determine the FoxP2 expression in the somatosensory ratvbarrel cortex 
on the level of both, cortical layers and the neuronal cell type. In addition, we wanted to find out if 
there is a correlation between FoxP2-positive neurons and a dopaminergic neuromodulation.
Table 3-1. Cell counts for FoxP2, NeuN and DAPI immunocytochemistry.
Postnatal 
week
Postnatal   
days
FoxP2 counts (n) NeuN counts (n) DAPI counts (n)
1 P4-7 759.0 ± 72.8 1,255.0 ± 120.3 1,135.8 ± 65.8
2 P8-14 698.6 ± 55.2 1,155.1 ± 91.3 1,045.4 ± 49.6
3 P15-21 617.9 ± 55.3 1,021.7 ± 91.4 1,024.1 ± 50.0
4 P22-28 618.3 ± 86.9 1,022.3 ± 143.6 1,024.7 ± 78.6
5 P29-35 607.0 ± 60.3 1,003.7 ± 99.6 1,006.0 ± 54.5
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3.2 Materials & Methods
3.2.1 Animals and tissue preparation
Wistar wild-type rats of either sex were prepared between the first and fifth postnatal week (P4-35). 
Tissue preparation was done as described in Chapter 1 (see also Marx et al. 2012; Radnikow  et 
al. 2012; Marx and Feldmeyer 2013). Briefly, early postnatal and adult rats were decapitated under 
deep anesthesia and brains were transferred into ice-cold ACSF. Thalamocortical brain slices of 
the somatosensory area were then prepared according to the profound cutting technique by 
Agmon and Connors (Agmon and Connors 1991; Feldmeyer et al. 2006). Acute brain slices of 350 
µm thickness were made for subsequent single cell patch-clamp recordings and neuromodulation 
experiments. In addition, brain slice series across different postnatal stages were made for 
immunocytochemistry, thereby gradually decreasing the brain slice thickness by 50-µm-steps from 
250 to 100 µm.
3.2.2 Solutions
Brain slices for single cell recordings were kept in a submerged chamber and superfused with 
ACSF. We used the same preparation and perfusion solutions as described previously (Marx et al. 
2012; Radnikow  et al. 2012). In addition, 10 µl Alexa Fluor® 594 biocytin sodium salt (1:100; 
Invitrogen, Darmstadt, Germany) was added to the pipette solution. The additional red 
fluorescence dye Alexa Fluor® 594 was required to identify the patched neurons in the post-hoc 
antibody labeling experiments (see 3.2.5 below).
3.2.3 Electrophysiological recordings and neuromodulation experiments
L6B neurons and to some extent some upper L6A neurons of  the somatosensory rat barrel cortex 
were measured by whole-cell patch-clamp technique. Recording and stimulation protocols were 
used accordingly to those described in the preceding Chapters 1 and 2. When neurons had a 
stable resting membrane potential (RMP) dopamine (DA) was applied via bath perfusion (2-4 ml/
min). First, the intrinsic neuronal properties were measured under control conditions. Neurons 
were then held at a RMP of -70 mV to obtain a control baseline from 30-60 continuous trials (one 
trial = 10 s). Subsequently, DA was bath applied for another 30-60 trials and intrinsic neuronal 
properties were measured again by the presence of DA followed by a period of washing (about 
60-120 trials). Single-cell recordings and DA neuromodulation experiments were performed 
between 30-45 minutes. Neurons were double-filled with Alexa 594 fluorescent dye and biocytin. 
However, the additional filling of the neurons with Alexa dye may affect the intensity of the biocytin 
staining. Furthermore, a return to the control RMP following wash-out was only achieved in 44.7% 
of all cases.
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3.2.4 Immunocytochemistry
For the detection of two specific antigenes, in this study i.e. FoxP2 and D1DR (D1 dopamine 
receptor), we used double and triple immunofluorescence protocols. We used a FoxP2 antibody 
which is an affinity purified goat polyclonal antibody raised against a peptide mapping near the N-
terminus of FoxP2. Furthermore, we tested a D1DR-antibody that is an affinity purified rabbit 
polyclonal antibody raised against the amino acids 338-446 mapping near the C-terminus of 
D1DR. However, the use of the D1DR-antibody has to be treated with caution. The D1DR antibody 
potentially recognizes not only its D1DR epitope, but also that of  other DA receptor subtypes 
(Bodei et al. 209). In addition, we used the neuronal marker protein NeuN and DAPI (4‘,6-
diamidino-2-phenylindole) nuclear stain for a co-localization of  our target antigenes (Figure 3-1). 
Brain slice tissue for immunofluorescence series as well as brain slices after patch-clamp 
recordings, were fixed at 4 °C for at least 12 h in 100 mM PB containing 4% PFA. Slices were then 
permeabilized and blocked with 1% powdered milk and 0.5% Triton X-100 in 100 mM PB for 2-4 h 
Figure 3-1. Immunocytochemistry and microscopy. Transmitted light fluorescence microscopy of (A1-3) 
FoxP2 conjugated to Alexa Fluor® 488, (B1-3) DAPI nuclear stain and (C1-3) the neuronal  marker protein 
NeuN conjugated to Alexa Fluor® 568. Fluorescence images were acquired upon different magnification 
levels, i.e. A1-C1: 40-fold, A2-C2: 200-fold and A3-C3: 1,000-fold, and with the appropriate emission and 
excitation filters: for Alexa 488: 495/519 nm (emission/excitation), DAPI: 358/461 nm and Alexa 568: 578/603 
nm, respectively. Scale bars in A1-C1 = 250 µm, A2-C2 = 50 µm and A3-C3 = 20 µm.
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at RT. Primary and secondary antibodies were diluted in the same permeabilization solution with 
0.5% Triton X-100 and 100 mM PB. Primary antibodies were either incubated at 4 °C overnight or 
at RT for 1 h. Secondary antibodies were incubated for 2-3 h at RT. Brain slices were washed six 
to eight times in PB (each for 10 min) between each individual step. All steps were carried out on a 
shaker and under darkened conditions. Finally, brain slices were mounted on Histobond object 
slides, embedded in Moviol embedding medium and prepared for fluorescence microscopy. The 
primary antibodies were goat-anti-FoxP2 (1:500; FoxP2 (N-16): sc-21069; Santa Cruz 
Biotechnology, Heidelberg, Germany), rabbit-anti-D1DR (1:300; D1DR (H-109): sc-14001; Santa 
Cruz) and mouse-anti-NeuN (1:250; MAB377; Merck-Millipore, Schwalbach, Germany). The 
secondary antibodies were Alexa Fluor® 350-, Alexa Fluor® 488- and Alexa Fluor® 568-conjugated 
donkey, chicken or rabbit antibodies to rabbit, goat or mouse IgG (1:500 for Alexa 350; 1:400 for 
Alexa 488 and 1:600 for Alexa 568; all Invitrogen). Nuclear staining was performed with DAPI 
nucleic acid stain (1:500, 1:1000, 1:3000; Invitrogen). Controls were also performed with 
incubation steps either without the primary antibody or without both the primary and secondary 
antibody solution. Both control sections did not reveal any fluorescence labeling (data not shown). 
For detailed immunofluorescence protocols please see the Supplemental Material (p. 109-114).
3.2.5 Fluorescence microscopy and cell quantification
Brain slice series processed for immunofluorescence were visualized by transmitted light 
fluorescence microscopy using an upright Olympus BX-61 microscope (Olympus, Hamburg, 
Germany) equipped with fluorescence optics. Fluorescence microscopy was performed with 
appropriate emission and excitation filters, i.e. for DAPI: 358/461 nm (emission/excitation), NeuN-
Alexa 568: 578/603 nm, D1DR-Alexa 350: 346/442 nm and FoxP2-Alexa 488: 495/519 nm. 
Fluorescence images from different cortical and subcortical brain regions as well as neocortical 
lamina 6 were acquired at constant exposure times and upon different magnification levels using 
air-immersion and oil-immersion lenses. Single fluorescence images or fluorescence image stacks 
in layer 6 of varying tissue thickness (100, 150, 200, 250 and 350 µm) and postnatal ages (P4-35) 
were made with the Cell P® software (Olympus). To ensure comparability between the co-
localization of our target antigenes, i.e. FoxP2 and D1DR, with the neuronal marker protein NeuN 
and the DAPI nuclear stain, we used the same settings per age, slice, region and intra-stack image 
distance. Single images and stacks were evaluated with ImageJ software (National Institute of 
Health; http://rsbweb.nih.gov). Stacks were first visualized by a 3D surface plot and further 
processed by a standard (STD) z-projection. FoxP2-, D1DR- and NeuN-positive neurons as well 
as DAPI nuclear stains were counted by using the cell counter plugin tool for ImageJ and scatter 
plots were calculated showing the amount and distribution of  the corresponding antigene labeling 
(Figure 3-2 A). Cell counts of  FoxP2- and NeuN-positive neurons as well as for DAPI nuclear 
stains were averaged across all slices and ages and analyzed to determine the absolute fraction of 
co-localization in neocortical layer 6. For the quantification of FoxP2-expressing L6B neurons, 
brain slices with biocytin-filled neurons were examined by transmitted light fluorescence 
microscopy as well, before they were processed for immunohistochemistry. Due to the internal 
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Alexa Fluor® 594 dye it was now  possible to determine the location of  the patched neuron within 
the yet unstained brain tissue. Fluorescence microscopy was performed to visualize both, the 
patched neuron as well as the FoxP2 immunoreactivity, by using the appropriate emission and 
excitation filters, i.e. for Alexa 594: 591/621 nm (emission/excitation) and for Alexa 488: 495/519 
nm, respectively. Images were acquired upon two magnification levels using the 20-fold air-
immersion and the 100-fold oil-immersion objective. The superposition of FoxP2 and Alexa 594 
immunofluorescence images show  whether the patched neuron has a nuclear expression of  the 
FoxP2 protein or not (Figure 3-2 B, C).
Figure 3-2. Cell count method and quantification of FoxP2-expressing L6B neurons. (A) Flowchart for 
immunocytochemistry processed brain tissue. To determine the absolute fraction of co-localization of FoxP2- 
or D1DR-positive neurons with the neuronal marker protein NeuN or DAPI nuclear stain, single fluorescence 
images or fluorescence image stacks were evaluated with ImageJ; from left to right: fluorescence images 
acquired from layer 6 of the somatosensory cortex. Single images were superimposed and visualized by a 
3D surface plot. Further, they were processed by a STD z-projection type. FoxP2, D1DR, NeuN and DAPI 
immunoreactivity were counted by using the cell counter plugin tool for ImageJ (red dots). Scatter plots were 
calculated showing the amount and distribution of the corresponding antigene labeling. (B, C) Fluorescence 
light microscopy upon 200-fold magnification with the appropriate emission and excitation filters; from left to 
right: Alexa Fluor® 594 (591/621 nm; emission/excitation), FoxP2 conjugated to Alexa Fluor® 488 (495/519 
nm) and both as superposition for (B) a L6B pyramidal neuron with a FoxP2-positive immunoreactivity and 
(C) for a L6B inverted neuron with a FoxP2-negative immunoreactivity. Arrows in B, C mark the soma 
positions of the patched neurons. Scale bars in B, C = 40 µm.
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3.2.6 Immunohistochemistry
Brain slices containing biocytin-filled neurons were re-embedded in PB and processed by 
immunohistochemistry as previously described (Lübke et al. 1996; Feldmeyer et al. 2006; Marx et 
al. 2012; Radnikow  et al. 2012). Briefly, brain slices were treated with 0.1% Triton X-100 and 
internal biocytin was tagged by an avidin-biotinylated horseradish peroxidase and catalyzed with 
DAB until a clear biocytin staining of  neurons becomes visible. Afterwards, brain slices were slowly 
dehydrated in ethanol and xylene and embedded in Eukitt medium. For further details please see 
also Chapter 1 (Marx and Feldmeyer 2013).
3.2.7 Morphological reconstructions, shrinkage correction and statistics
3D reconstructions of L6A and L6B neurons were obtained by using the NEUROLUCIDA® soft-
ware. Neuron structures and brain contours were traced semi-automatically at a final magnification 
of 1,000-fold and corrected by a shrinkage correction factor of  1.1 in the xy-dimensions and 2.1 in 
the z-dimension (Marx et al. 2012). Morphological analyses were performed by the use of 
NEUROEXPLORER® software (for details see Glaser and Glaser 1990). Graphical reprocessing 
was done with Adobe Illustrator software. All data were presented as mean ± standard deviation. 
Statistical significance analyses were performed using either an ANOVA or a Student‘s t-test when 
appropriate. Group differences were assumed to be significant if P ≤ 0.05.
Table 3-2. Changes within the resting membrane potential  (RMP) of different L6 cell  types after dopamine 
(DA) application.
Cell class/type n Dopamine effect RMP change (mV) P value
L6B pyramidal neurons 9 depolarizing RMP +3.75 ± 1.04
L6B inverted neurons 7 depolarizing RMP +3.34 ± 0.73
L6B tangential neurons 3 depolarizing RMP +4.71 ± 0.92
L6B horizontal neurons 2 depolarizing RMP +6.42 ± 0.74
L6B multipolar neurons 8 depolarizing RMP +5.13 ± 2.09
L6B interneurons 6 depolarizing RMP +4.40 ± 2.17 0.087
L6A pyramidal neurons 2 hyperpolarizing RMP -2.73 ± 0.81
L6A inverted neurons 1 hyperpolarizing RMP -5.31 0.234
L6B neurons 35 depolarizing RMP +4.38 ± 1.61
L6A neurons 3 hyperpolarizing RMP -3.59 ± 1.60 1.0E-09
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3.3 Results
3.3.1 FoxP2 expression and distribution pattern in cortical and subcortical regions
To determine in which brain regions FoxP2 is expressed we examined cortical and subcortical 
regions of the rat brain by immunocytochemistry. LM fluorescence images of  different brain areas 
tagged with a green Alexa antibody for the FoxP2 protein were acquired. We found a unique 
FoxP2 expression pattern within the postnatal and adult rat neocortex which had previously been 
reported in other rodent species such as Scotinomys and Mus (Campbell et al. 2009; Hisaoka et 
al. 2010). FoxP2 is expressed highly and exclusively in neocortical layer 6 of the primary 
somatosensory cortex (S1), while FoxP2 expression was detected neither in the upper neocortical 
layers 1-5 nor in the WM. Thus only L6 cells appear to be FoxP2-positive (Figure 3-3 A1-3). FoxP2 
expression throughout layer 6 is also evident for other cortices examined in this study, i.e. in the 
motor cortex (MC) and the secondary somatosensory cortex (S2). In addition, we found also that 
FoxP2 protein is differently expressed in subcortical brain regions. The hippocampus shows no 
FoxP2 expression (Figure 3-3 B), while the dorsal striatum, i.e. the caudate putamen (CPStria; see 
Figure 3-3 C) and parts of  the thalamic region show  an intense FoxP2 expression pattern. 
However, the FoxP2 expression in the thalamus is much more higher in the posteromedial nucleus 
(POm) than in the ventral posteromedial nucleus (VPM; see Supplemental Figure 1, p. 115).
3.3.2 Quantification of FoxP2 expression
For the quantification of  FoxP2 expression in layer 6 of  the somatosensory rat barrel cortex, we 
performed double and triple immunofluorescence staining in turns of  FoxP2, the neuronal marker 
protein NeuN and the nuclear marker DAPI. To determine the fraction of FoxP2-positive cells we 
compared the positive cell counts for FoxP2, NeuN and DAPI in a defined region of layer 6 of 
about 205,474,007 µm3 brain tissue during the first to fifth postnatal week, i.e. P4-7, P8-14, 
P15-21, P22-28 and P29-35, respectively. An individual L6B neuron was classified to be FoxP2-
positive when it matched for FoxP2 immunoreactivity co-localized either with NeuN or DAPI, 
otherwise it was declared to be FoxP2-negative. As it can be seen in Figure 3-4 A-F FoxP2 is 
expressed throughout layer 6 at all developmental stages. The mean cell counts of FoxP2, NeuN 
and DAPI showed no significant differences between the first and second postnatal week (ANOVA; 
P > 0.16) as well as between the third and fifth postnatal week (P > 0.77), respectively. 
Nevertheless, a significant difference between early (P4-14) and late postnatal and adult days 
(P15-35) was observed (P < 3.1E-07). However, the mean cell counts of FoxP2, NeuN and DAPI 
decreased with age, while the relative fraction of  FoxP2 remained constant (Figure 3-4 G and 
Table 3-1). About 9.5 ± 1.6% of all L6 cells showed no co-localization of  the marker proteins NeuN 
and DAPI and are, therefore, likely to be glia cells, epithelial blood vessel cells or other non-
neuronal cells. Hence, 90.5 ± 1.6% of all L6 cells were NeuN-positive and either excitatory neurons 
or GABAergic interneurons. In this study we did not test for specific markers for GABAergic 
interneurons. FoxP2 expression was observed in 60.4 ± 7.1% of all L6 cells, whereas 30.1 ± 7.1% 
were FoxP2-negative, i.e. a ratio of FoxP2-positive to FoxP2-negative neurons in cortical layer 6 of 
2:1 (Figure 3-4 H). It is evident that a high fraction of FoxP2-positive L6 neurons belong to the 
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pyramidal cell type, because they exhibit an apical dendrite (Figure 3-5 A). In addition, double 
immunofluorescence staining of D1DR and FoxP2 revealed that each FoxP2-positive L6 neuron is 
also positive for D1DR. But we have also found FoxP2-negative neurons that express for D1DR 
(Figure 3-5 B).
3.3.3 Different FoxP2 expression in L6B cell types
125 neurons have been examined using whole-cell patch-clamp recordings, simultaneously filled 
with biocytin and checked for FoxP2 expression by immunocytochemistry. The patched neurons 
were visualized in the unstained brain tissue by the internal fluorescence dye Alexa Fluor® 594, 
while FoxP2 expression was visualized by a FoxP2 antibody staining conjugated to Alexa Fluor® 
488. Only neurons with a clear FoxP2 immunoreactivity were further processed for 
immunohistochemistry. Subsequently, neurons were visualized under transmission bright-field 
microscopy and specific L6B cell types were identified based on their somatodendritic and axonal 
morphology. About 75 L6B neurons with a good biocytin staining were chosen for a computer-
Figure 3-3. FoxP2 expression in different cortical and subcortical brain regions of the rat. Transmitted 
light fluorescence images of a thalamocortical rat brain slice of the rat are shown. (A1) FoxP2 is expressed 
exclusively in layer 6, while no FoxP2 expression is neither detected in the upper neocortical layers 1-5 nor 
in the white matter. (A2, A3) Extracts of the bounded regions in A1 showing the FoxP2-negative layers 1-5 
(A2, in white) and FoxP2-positive layer 6 (A3, in black). (B) The hippocampus shows no FoxP expression, 
while (C) the dorsal  striatum, i.e. the caudate putamen, reveals a quantitatively high FoxP2 expression. 
Scale bar = 500 µm.
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assisted 3D reconstruction with Neurolucida® software. 22 of these neurons were L6B pyramidal 
neurons (29.3%), 21 inverted neurons (28.0%), 8 tangential neurons (10.7%), 4 horizontal neurons 
(5.3%) and 13 multipolar neurons (17.3%). 7 interneurons (9.3%) were also included in this data 
set (Figure 3-6 A). All identified cell types were similar to those found in our earlier study (Figures 
3-7 and 3-8; see also Chapter 1 and Marx and Feldmeyer 2013). In this study, about 33.3% of all 
L6B neurons were found to be FoxP2-positive, while 66.7% were FoxP2-negative (Figure 3-6 B). 
FoxP2 expression seems to depend on the L6B cell type. So far, some L6B projection neurons, i.e. 
excitatory neurons, express the FoxP2 protein. L6B pyramidal neurons (29.3%) were consistently 
found to be FoxP2-positive. Inverted neurons seem to be predominantly FoxP2-negative (24.0%), 
however some inverted L6B neurons (3 out of 18) show  a FoxP2 expression as well. Thus about 
88.0% of all FoxP2-positive L6B neurons were pyramidal cells, whereas 12.0% were FoxP2-
positive inverted neurons. L6B interneurons and the majority of  non-pyramidal projection neurons 
did not show  any FoxP2 immunoreactivity (Figures 3-6 C and 3-7 A, B). Interneurons in layer 6B 
were identified by their short and spineless dendrites and their very dense axonal domain. All 
interneurons were FoxP2-negative. Similarly, non-pyramidal L6B neurons, i.e. tangential (10.7%), 
horizontal (5.3%) and multipolar (17.3%) neurons, were also FoxP2-negative without exception 
(Figures 3-3 A and 3-7 C-F). All excitatory and inhibitory L6B neurons analyzed in this study can 
be found throughout layer 6B. Neurons have been patched throughout a cortical barrel column. 
Some neurons were localized in the center of  a barrel column, others were patched close to the 
column septae. Furthermore, some neurons were localized close to the superficial layer 6A or the 
underlying WM (Figure 3-8 B1). The same applies for the FoxP2 expression - there is no evidence 
for a distinct distribution pattern within layer 6B of  FoxP2-positive neuronal cell types (Figure 3-8 
B2).
3.3.4 Dopamine neuromodulation on L6B neurons
In addition, 38 cells were further examined for dopamine (DA) neuromodulation. Changes in the 
RMP were recorded before and after 100 µM DA was bath applied. Furthermore, we recorded the 
active and passive membrane properties under control conditions and in the presence of DA. 
We could analyze 34 L6B neurons before and after DA application. 9 of  these neurons were 
pyramidal neurons, 7 inverted neurons, 3 tangential neurons, 2 horizontal neurons, 8 multipolar 
neurons and 5 interneurons, respectively. Although layer 6A was not in the focus of  this study, we 
evaluated some L6A neurons (n =4) to test possible differences between L6A and L6B cells. We 
investigated 2 pyramidal neurons, 1 inverted neuron and 1 interneuron in layer 6A (Figure 3-9 A1). 
About 92.0% of all L6A and L6B neurons in this study have shown a depolarizing effect following 
DA application, while 8.0% were hyperpolarized (Figure 3-9 A2). All excitatory L6B neurons show  a 
depolarization of  the RMP in response to DA, independent from their specific cell type morphology. 
In contrast, the analyzed L6A neurons analyzed showed a dopamine-induced hyperpolarization. 
Interneurons either in layer 6A or 6B showed a depolarization in their RMP after DA application. 
However, we observed contrary DA effects in L6A and L6B cells of the same subtype (here i.e. 
pyramidal and inverted neurons; see Figure 3-9 A3) The control RMP before DA application were 
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plotted against the altered RMP after DA application. The changes within the RMP per cell exhibit a 
linear regression, i.e. all neurons reveal a quite similar effect of  both depolarizing and 
hyperpolarizing changes of  the RMP (Figure 3-9 B). L6B pyramidal and inverted neurons have 
shown on average the smallest RMP changes with +3.75 ± 0.73 mV and +3.34 ± 0.73 mV, 
respectively. The dopamine-induced depolarization of  L6B tangential, horizontal and multipolar 
neurons was on average +4.71 ± 0.92 mV, +6.42 ± 0.74 mV and +5.13 ± 2.09 mV, respectively. 
Multipolar neurons had the strongest DA effects. Interneurons have a similar DA response with a 
depolarization of the RMP of +4.40 ± 2.17 mV. We did not find a significant difference between 
excitatory and inhibitory L6B cell types (P > 0.087), or between L6A and L6B neurons (P > 0.234; 
see Figure  3-9 C, D and Table 3-2). However, all L6B neurons showed similar changes in their 
active and passive membrane properties in the presence of DA. But no obvious differences in the 
AP firing pattern between control conditions and DA application was observed. The 
electrophysiological properties between L6A and L6B neurons were highly diverse; e.g. pyramidal 
neurons (Supplemental Figure 2, p. 116). Nevertheless, we suggest that the different responses 
to DA application depend more on the laminar neuronal position and the neuronal cell class than 
on a specific neuronal cell type or the FoxP2 expression pattern. L6B neurons show  a uniformly 
depolarizing DA effect regardless whether they were L6B projection neurons or interneurons. By 
contrast, excitatory L6A neurons showed hyperpolarizing DA effects, while L6A interneurons 
showed a depolarization of  their RMP after DA was applied. We suggest that there is a high 
probability that excitatory L6A neurons may respond vice versa towards DA as it is the case for 
excitatory L6B neurons. Even though, the small fraction of  L6A neurons displays that only by 
tendency.
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Figure 3-4. FoxP2 expression during cortical development and fractions of FoxP2-expressing cells. 
Transmitted light fluorescence images upon 100-fold magnification of a thalamocortical rat brain slice aged 
(A) P4, (B) P12, (C) P17, (D) P20, (E) P26 and (F) P32. Note that FoxP2 is expressed steadily throughout 
layer 6 during cortical development. (G) Total cell count for DAPI-positive (blue), NeuN-positive (red) and 
FoxP2-positive (green) L6 cells. A significant decrease can be observed from early to more adult postnatal 
weeks, but no significant difference between the relative fraction of FoxP2, NeuN and DAPI. (H) Glia cells, 
epithelial blood vessel cells or other non-neuronal cells represent about 9.5% of all L6 cells, whereas 
projection neurons and interneurons represent 90.5%, respectively. Furthermore, 60.4 ± 7.1% of all L6 cells 
were FoxP2-positive neurons, whereas 30.1 ± 7.1% were FoxP2-negative. The ratio of FoxP2-positive to 
FoxP2-negative neurons within layer 6 is 2:1. *, P > 0.05; **, P < 0.001. Scale bar in A-F = 250 µm.
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Figure 3-5. Co-localization of FoxP2, NeuN and D1DR. (A) Double immunofluorescence staining of FoxP2 
and NeuN. Fluorescence images of layer 6 were acquired at 200-fold magnification of (A1) FoxP2-positive 
neurons conjugated to Alexa Fluor® 488 (495/519 nm; emission/excitation) and (A2) NeuN-positive neurons 
conjugated to Alexa Fluor® 568 (578/603 nm). (A3) Superposition of A1 and A2. Note that most neurons with 
an apical dendrite are FoxP2-positive, indicating that a high fraction of FoxP2-positive neurons may belong 
to the pyramidal cell type (dashed circles in A1-3). (B) Double immunofluorescence staining of FoxP2 and 
D1DR. Fluorescence images of layer 6 were acquired at 600-fold magnification of (B1) FoxP2-positive 
neurons and (B2) D1DR-positive neurons conjugated to Alexa Fluor® 350 (346/442 nm). (B3) Superposition 
of B1 and B2. FoxP2-positive L6 neurons are uniformly positive for D1DR (arrows in B1-3). However, both 
FoxP2-positive and FoxP2-negative neurons express for D1DR. Scale bars in A = 50 µm and in B = 15 µm; 
respectively.
Chapter 3
63
3.4 Discussion
3.4.1 Quantitative analysis of the FoxP2 expression in cortical and subcortical brain regions
We established immunofluorescence staining protocols to detect FoxP2-expressing cells either on 
the macrocellular (immunofluorescence series) or microcellular level (biocytin staining; see also 
the Supplemental Material, p. 109-114). For the quantification of FoxP2 expression we first 
determined its expression pattern in different cortical and subcortical regions using the 
immunofluorescence labeling of FoxP2, DAPI and NeuN co-staining in thalamocortical brain slice 
series of  the rat brain at different ages (P4 to P35). We found that FoxP2 is consistently expressed 
not only during early postnatal days, as demonstrated by Maviel and coworkers (Maviel et al. 
2004) but also in the adult brain tissue. A persistent FoxP2 expression have been previously 
shown in more mature brains of  birds and muroid rodents (Ferland et al. 2003; Teramitsu and 
White 2006; Haesler et al. 2007). We did not find any age-dependent change in the cell count 
analyses. Only a small decrease in the total amount of  cell counts was observed with increasing 
age, but this was not significant. It has been hypothesized that FoxP2 plays an important role in 
the post-proliferation and migration during neuronal development and in the establishment of the 
neuronal connectivity (Ferland et al. 2003; Lai et al. 2003; Takahashi et al. 2003). Our data 
suggests that FoxP2 is consistently expressed into adulthood. However, the functional role of 
FoxP2-expressing L6 neurons in more mature and adult brain tissue has to be determined.
Previous studies about FoxP2 had shown distinct expression pattern in various cortical and 
subcortical regions of  different species, i.e. songbirds (e.g. zebra finch), mammalian (e.g. rodents 
and ferrets) and osteichthyes (e.g. zebrafish; see Enard et al. 2002; Haesler et al. 2004; 
Bonkowsky and Chien 2005; Scharff  and Haesler 2005; Haesler et al. 2007; Ackermann 2008; 
Figure 3-6. FoxP2 expression of different L6B cell types. (A) The pie chart demonstrating the percentage 
of different L6B cell types, excitatory as well as inhibitory neurons, analyzed for FoxP2 immunocytochemistry 
with 22 L6B pyramidal  neurons (29.3%, red), 21 inverted neurons (28.0%, orange), 8 tangential neurons 
(10.7%, blue), 4 horizontal neurons (5.3%, violet), 13 multipolar neurons (17.3%, green) and 7 interneurons 
(9.3%, black). (B) In general, 33.3% of all L6B neurons are FoxP2-positive, whereas 66.7% show no FoxP2 
expression. A positive immunoreactivity for FoxP2 is given in green and a negative immunoreactivity in red, 
respectively. (C) Bar diagram represents the quantity and the specific  cell  type fraction of each excitatory or 
inhibitory L6B cell type and whether they express the FoxP2 protein or not.
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Groszer et al. 2008; Campbell et al. 2009; Fisher and Scharff 2009; Bolhuis et al. 2010; Hisaoka et 
al. 2010; Rowell et al. 2010). We found a comparable distribution of  FoxP2-positive neurons in the 
rat brain as well, e.g. FoxP2-sensitive regions were found in the cortex, the thalamus and the 
striatum. In our study we found that in the neocortex FoxP2 is exclusively expressed in layer 6 of 
e.g. the S1, S2 and MC. FoxP2 expression restricted to layer 6 was also reported for the auditory 
and visual cortex (Ferland et al. 2003; Hisaoka et al. 2010; Reimers-Kipping et al. 2011). 
Subcortical regions like the striatum and the POm of  the thalamus showed also a high FoxP2 
expression. In contrast, the hippocampus was negative for FoxP2, which is consistent with 
previous findings (Ferland et al. 2003; Lai et al. 2003; Takahashi et al. 2003; Haesler et al. 2004; 
Campbell et al. 2009; Enard et al. 2009; Hisaoka et al. 2010; Reimers-Kipping et al. 2011; Bowers 
et al. 2013; for a review see Enard 2011).
3.4.2 L6B neuronal subtypes reveal different FoxP2 expression pattern
Using double and triple immunofluorescence staining and additional cell count analyses, we could 
demonstrate that only L6 neurons but not L6 glia cells or other non-neuronal cells express the 
FoxP2 protein. We have found a high co-localization between FoxP2 and NeuN which is in 
accordance with previous studies (Enard et al. 2009; Hisaoka et al. 2010; Reimers-Kipping et al. 
2011). We found both NeuN-positive neurons with and without FoxP2 expression. Patch-clamp 
recordings and simultaneous biocytin fillings showed that all morphologically identified L6 
interneurons in this study were throughout FoxP2-negative which is in accordance with a recent 
study showing that neurons positive for the interneuron markers GABA, calbindin and parvalbumin 
were all FoxP2-negative (Hisaoka et al. 2010). Our double immunofluorescence stains of FoxP2 
and NeuN suggest that a large fraction of L6B pyramidal neurons expresses the FoxP2 protein, 
since the majority of FoxP2-positive and NeuN-positive cells exhibits an apical dendrite. 
Immunohistochemically (i.e. biocytin-DAB) labeling of the patched neurons demonstrated that 
about 90% of all FoxP2-positive L6B neurons are from the pyramidal cell type. A small fraction of 
inverted neurons in cortical layer 6B were also found to be FoxP2-positive. We hypothesize that 
two main neuronal cell classes within layer 6B exist. First, a group consisting of FoxP2-positive 
neurons (mainly pyramidal and some inverted neurons) and second, a group that comprises 
FoxP2-negative non-pyramidal neurons and interneurons. Whether these microcircuits show 
different synaptic connectivity pattern in neocortical layer 6 remains an open question. It is possible 
that two neuronal networks coexist in layer 6B, i.e. a FoxP2-positive and a FoxP2-negative 
neuronal microcircuit. Furthermore, it has been described that FoxP2 influences cortico-subcortical 
circuits and the cerebro-cerebellar loops including the basal ganglia and the cerebellum (Scharff 
and Haesler 2005; Fisher and Marcus 2006; Ackermann 2008; Campbell et al. 2009). In addition, 
FoxP2-expressing neurons may also be involved in corticothalamic L6 projections, although these 
connections are of  greater influence in L6A neurons. In contrast, L6B neurons show  fewer 
projections to both thalamic nuclei VPM and POm, but with stronger forces to the more FoxP2-
sensitive POm (Bourassa and Deschênes 1995; Bourassa et al. 1995; Meyer et al. 2010; Wimmer 
et al. 2010).
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F i g u r e 3 - 7 . E x a m p l e 
reconstructions of FoxP2-
e x p r e s s i n g a n d n o n -
expressing L6B neurons.
Three-dimensional recon-
structions for each L6B cell 
type are shown for (A1-3) 
pyramidal neurons (B1-3) in-
verted neurons, (C1-3) tan-
gential, (D1-3) horizontal, 
(E1-3) multipolar and (F1-3) 
interneurons, respectively. 
Somatodendritic structures 
are represented in red and 
axons in blue. 
The appropriate immuno-
fluorescence images for 
each example cell are also 
shown. Fluorescence micro-
scopic images were acquired 
upon 200-fold magnification 
with the appropriate emis-
sion and excitation filters; 
from top to bottom: FoxP2 
immunostaining visualized 
by Alexa 488 (495/519 nm, 
emission/excitation), Alexa 
594 (591/621 nm) and both, 
as superposition. All  L6B 
pyramida l neurons are 
FoxP2-expressing cortical 
neurons. Non-pyramidal 
neurons as well  as inter-
neurons have not shown a 
FoxP2 expression wi th 
exception of the inverted neuronal cell type. L6B inverted neurons are predominantly FoxP2-negative, 
although some neurons express the FoxP2 protein (not shown). Arrows represent the location of the patched 
neurons. Scale bars for the morphological reconstructions = 300 µm and for the immunofluorescence 
images = 20 µm, respectively.
Chapter 3
66
3.4.3 Correlation between FoxP2-positive L6B neurons and dopamine-induced effects
Hitherto, our data does not suggest a clear correlation between FoxP2 and the response to 
dopamine (DA). We found that FoxP2-positive neurons are co-localized with D1DR, but also 
FoxP2-negative neurons showed D1DR expression. However, the use of the D1DR antibody is 
somewhat ambiguous regarding its specifity towards the D1DR epitope (Bodei et al. 2009). 
Therefore, we can not exclude a misinterpretation of the D1DR immunoreactivity by a possible co-
staining of other DA receptors. To overcome this problem different markers for dopamine receptors 
should be used. The dopamine and cyclic adenosine 3,5-monophosphate regulated 
phosphoprotein 32 (DARPP-32) was previously found in dopaminoceptive neurons comprising 
receptors from the D1 family (Walaas et al. 1983). Various studies have described that DARPP-32-
positive neurons play an important role in the physiological activity of  dopaminoceptive cortical and 
striatal neurons (Williams and Goldman-Rakic 1995; Rajput et al. 2009; Hisaoka et al. 2010). 
FoxP2-positive neurons have been found to be highly co-localized with dopaminoceptive neurons 
expressing for the DARPP-32 protein as well. Thus FoxP2 could be involved in a DA-DARPP-32-
D1DR cascade (Hisaoka et al. 2010). However, in this study we performed only 
immunocytochemical analyses and did not assign FoxP2-positive and DARPP-32-positive neurons 
to a distinct morphological cell type in layer 6(B). It seems to be independent whether DA levels 
are increased pharmacologically or genetically, in any case those neurons appear to be involved in 
an increase of  exploratory behavior (Viggiano et al. 2003; David et al. 2005). DA causes a strong 
excitation of L6B neurons. It may be possible that a high neuronal composition of DA receptors 
together with CCK and Nurr1 receptors is responsible for an intense activation of  L6B neurons as 
we already hypothesized in Chapter 2. However, we still suggest that L6B neurons are responsible 
for the stimulation and modulation of widespread cortical excitation. Hence this, layer 6B may play 
a key role in the wakefulness and alertness of  the brain (Arimatsu et al. 2003; Bayer et al. 2004; 
Beglopoulos et al. 2005; Sakurai 2007; Chung et al. 2009).
In summary, we achieved a further step in the characterization of neocortical lamina 6B and its 
heterogeneous neuronal cell population with respect to its diverse FoxP2 expression pattern and 
DA responses of  individual L6B neurons. However, additional studies are required to further 
investigate whether there is a significant difference in the DA effect between L6A and L6B neurons 
or not. Moreover, paired recording studies between L6B-to-L6B and L6B-to-L6A connections are 
desirable to further validate in which cortical circuitries FoxP2-positive and FoxP2-negative L6B 
neurons are involved (see subsequent Chapter 4).
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Figure 3-8. Reconstruction overlays and laminar position of FoxP2-positive and FoxP2-negative L6B 
neurons. (A) All 3D reconstructions of a specific  L6B neuronal cell type were aligned by their barrel center, 
i.e. pyramidal, inverted, tangential, horizontal and multipolar neurons as well  as interneurons. 
Somatodendritic structures are represented in red, axons in blue, respectively. Individual soma positions are 
represented by yellow dots. The color code corresponds to that given in Figure 3-6. L4 barrels and cortical 
columns are represented by dashed lines. (B1) Relative position of each neuron within layer 6B. Dots are 
represented in the appropriate color assigned to a L6B cell type. (B2) The same as in B1 only for the 
appropriate FoxP2 immunoreactivity. Green dots represent the position of FoxP2-positive neurons, red dots 
those for FoxP2-negative neurons, respectively. Scale bars in A = 200 µm.
Chapter 3
68
Figure 3-9. Dopamine neuromodulation of L6 neurons. (A1) The pie chart demonstrates the fraction of 
each L6 cell  type evaluated for the DA neuromodulation analysis with 34 L6B neurons and some L6A 
neurons (n = 4). The color code corresponds to that given in Figure 3-6. (A2) A second pie chart 
demonstrates the percentage of depolarizing and hyperpolarizing DA effects regardless of the laminar 
neuronal  position. About 92.0% of all  L6 neurons respond to DA with a depolarization. (A3) The bar diagram 
illustrates depolarizing or hyperpolarizing DA effects of L6 cell types dependent on their laminar position, i.e. 
layer 6A or layer 6B. (B) Scatter plot of the control RMP (before DA application) against the altered RMP 
(after DA application) showing a linear regression between the RMP changes of all  L6 neurons. Changes of 
the RMP after DA application are shown (C) on average for each L6 cell  type and (D) for each single L6 
neuron evaluated for the DA neuromodulation. *P > 0.05.
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4. Chapter 4 - Paired recording studies and modeling of innervation domain 
maps of L6B connections of the somatosensory rat barrel cortex
4.1 Introduction
There are three main neuronal networks that exist in the somatosensory rat barrel cortex, i.e. the 
‘canonical’ lemniscal pathway, the paralemniscal pathway and the thalamocortical-corticothalamic 
feedback loop (Lübke and Feldmeyer 2007). In brief, the ‘canonical’ microcircuit receives thalamic 
input from the VPM predominantly in layers 4, 5B and 6A (Koralek et al. 1988; Chmielowska et al. 
1989; Lu and Lin 1993). Signal-flow  occurs first between L4-to-L4 connections and is further 
transferred between L4-to-L2/3 connections (Douglas and Martin 1991; Feldmeyer et al. 1999; 
Feldmeyer et al. 2002; Silver et al. 2003; Douglas and Martin 2004). Next, synaptic signalling 
occurs across cortical columns via intralaminar L2/3-to-L2/3 connections (Atzori et al. 2001; 
Holmgren et al. 2003; Feldmeyer et al. 2006) or translaminar from L2/3 to L5(B) pyramidal neurons 
(Thomson and Bannister 1998; Reyes and Sakmann 1999; Shepherd et al. 2003; Kampa et al. 
2006). Besides, intralaminar L5B-to-L5B pyramidal connections contribute also to the ‘canonical’ 
microcircuit and are important output elements of the neocortex which project to other cortices and 
subcortical structures like the thalamic nuclei, pons, tectum, brain stem and spinal cord (Hübener 
and Bolz 1988; Wang and McCormick 1993; Kasper et al. 1994; Markram 1997; Markram et al. 
1997a; Markram et al. 1998; Ohana and Sakmann 1998; Kozloski et al. 2001; Song et al. 2005; Le 
Bé et al. 2007). Intracortical microcircuits involved in the paralemniscal pathway receive their input 
from the POm predominantly in layer 5A. Information is further processed between L5A-to-L2/3 
(mainly L5A-to-L2) connections (Shepherd and Svoboda 2005; Bureau et al. 2006). Translaminar 
L4-to-L5A and intralaminar L5A-to-L5A connections have been described as well (Feldmeyer et al. 
2005; Schubert et al. 2006; Frick et al. 2007; Frick et al. 2008). In the cortico-thalamic feedback 
loop layer 6A receives direct thalamic input and backprojects to the VPM of  the thalamus. 
Furthermore, they receive synaptic input from layer 5 (Gilbert and Wiesel 1979; Douglas and 
Martin 2004). Here, information is further processed between translaminar L6A-to-L4 connections 
as well as between intralaminar L4-to-L4 and L6A-to-L6A connections of excitatory and inhibitory 
cell types (Beierlein and Connors 2002; Mercer et al. 2005; West et al. 2006; Qi and Feldmeyer 
2010).
In general, neither intralaminar nor translaminar connections in local layer 6B have been studied 
and any information about these connections in the profounded microcircuits of  the barrel cortex is 
yet available. Additionally, we want to study the structural and functional properties of excitatory 
intralaminar L6B-to-L6B and translaminar L6B-to-L6A monosynaptic connections. Therefore, 
paired recording studies of  layer 6B were performed in acute brain slices of  the somatosensory rat 
barrel cortex as well and presynaptic and postsynaptic neurons were filled simultaneously with 
biocytin and Alexa Fluor® 594 dye to further classify those putative L6B connections. However, this 
part of the thesis is at a very early stage and, therefore, only preliminary.
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4.2 Materials & Methods
4.2.1 Tissue preparation and solutions
Wistar rats of  either sex, aged P17-21, were used for our paired recording studies. Brain tissue 
and slice preparation were carried out as described previously (Chapter 1; see also Marx and 
Feldmeyer 2013). For the cell-attached stimulation of putative presynaptic neurons we used a 
modified high sodium pipette solution containing (in mM): 105 sodium gluconate, 30 NaCl, 10 
HEPES, 10 phosphocreatine, 4 Mg-ATP and 0.3 GTP (pH 7.3, ~300 mOsm; see also Radnikow  et 
al. 2012). No biocytin was added to the searching pipette solution. In addition, for the identification 
of the patched presynaptic and postsynaptic neurons in the post-hoc immunocytochemical staining 
we add the red Alexa Fluor® 594 fluorescence dye to the ‘normal’ patch pipette solution (see also 
Chapter 3, 3.2.5).
4.2.2 Electrophysiology and paired recordings
Individual L6B neurons were identified in a barrel-related neocortical column either above the 
hippocampal formation or the striatum upon 800-fold magnification (Figure 4-1) using IR-DIC 
bright-field video microscopy (Dodt and Zieglgänsberger 1990; Stuart et al. 1993). Whole-cell 
patch-clamp recordings and stimulation protocols were done as described previously (Feldmeyer 
et al. 1999; Radnikow  et al. 2012). For paired recording studies only neurons with stable RMP 
were used. L6B-to-L6B or L6B-to-L6A connections were searched using the ‘loose-seal’ 
configuration (Feldmeyer et al. 1999; Feldmeyer et al. 2002; Feldmeyer et al. 2005; Feldmeyer et 
al. 2006; Radnikow  et al. 2012). Postsynaptic neurons were patched in the ‘whole-cell’ mode and 
putative presynaptic neurons in the ‘loose-seal’ configuration (i.e. seal resistances between 
100-300 MΩ). We used high resistance (about ~9-11 MΩ) searching pipettes filled with a modified 
Figure 4-1. Paired recordings in layer 6B. (A) IR-DIC microscopic  image of a L6B-to-L6B connection in a 
thalamocortical brain slice at 20-fold magnification. (B) Higher magnification (200-fold) of the boxed region in 
A. The pipettes mark the position of the presynaptic (left) and postsynaptic (right) neuron. (C) Final 
magnification (800-fold) of the boxed regions in B, i.e. IR-DIC images of (C1) the presynaptic L6B neuron 
and (C2) the postsynaptic  L6B neuron, respectively. The outlines of the presynaptic  and postsynaptic patch 
pipettes are marked by white lines. Insets show the corresponding firing pattern (red traces). Scale bars in A 
= 600 µm, B = 50 µm and C1,2 = 20 µm.
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high sodium pipette solution (see 4.2.1). Subsequently, APs were evoked in the presynaptic 
neurons by applying a 3-5 ms current pulse (1-5 nA). If no synaptic response occurred in the 
postsynaptic neuron, a new  L6B neuron was patched in the ‘loose-seal’ configuration. Once the 
AP resulted in an excitatory postsynaptic potential (EPSP) in the postsynaptic neuron at short 
latency (i.e. within 5 ms) a putative synaptic connection could been verified and the searching 
pipette was withdrawn. Next, the presynaptic neurons were re-patched by using ‘normal’ patch 
pipettes with lower resistances (about ~5-9 MΩ) and filled with an internal pipette solution 
containing biocytin and Alexa 594. Whole-cell patch-clamp recordings in voltage-clamp and 
current-clamp mode were also performed on presynaptic L6B neurons.
4.2.3 Electrophysiological analyses and statistics
For paired recording analyses EPSP properties were determined as described previously 
(Feldmeyer et al. 1999; Feldmeyer et al. 2002; Feldmeyer et al. 2005; Feldmeyer et al. 2006; Qi 
and Feldmeyer 2010). Passive and active electrophysiological properties of  presynaptic and 
postsynaptic neurons were evaluated by custom-written macros for Igor 6 Pro software. All sweeps 
were averaged and aligned to their corresponding presynaptic AP peak to calculate the average 
postsynaptic response. Furthermore, each individual EPSP amplitude was determined. The 
coefficient of  variation (CV) was calculated as the square root of  the variance divided by the mean. 
The CV of  EPSP amplitudes was also corrected for the baseline noise. The paired-pulse ratio 
(PPR) was defined as the second mean EPSP amplitude divided by the first mean EPSP 
amplitude elicited by a train of three APs. Data are represented as mean ± standard deviation.
4.2.4 Immunocytochemistry and immunohistochemistry
After recording, thalamocortical brain slices were first processed for immunocytochemistry in order 
to determine whether the patched presynaptic and postsynaptic neurons are FoxP2-positive or 
FoxP2-negative. Immunocytochemical procedures were carried out as described in Chapter 3. 
The primary antibody we used was a goat-anti-FoxP2 (N-16): sc-21069 and the secondary 
antibody a rabbit-anti-goat Alexa Fluor® 488 (see also Chapter 3, 3.2.5). Subsequently, neuronal 
cell pairs were examined by transmitted light fluorescence microscopy with the appropriate 
emission and excitation filters, i.e. for FoxP2 conjugated to Alexa 488: 495/519 nm (emission/
excitation) and for Alexa 596: 591/621 nm, respectively (Figure 4-2). Following the post-hoc 
immunofluorescence analysis for the FoxP2 protein, biocytin-filled neuronal cell pairs were further 
processed for immunohistochemistry. All steps were similar to those described in the preceding 
Chapters  1-3 (see also Lübke et al. 1996; Feldmeyer et al. 2006; Marx et al. 2012; Radnikow  et al. 
2012; Marx and Feldmeyer 2013).
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Figure 4-2. Half-tone images, 3D reconstructions and FoxP2 expression of L6B connections. (A1-C1) 
Monosynaptic  L6B-L6B multipolar cell  pair and (A2-C2) polysynaptically-coupled pyramidal neurons in layers 
6A and 6B. (A1,2) Half-tone images and (B1,2) 3D reconstructions of the somatodendritic structures of the 
monosynaptic  L6B-to-L6B connection and the polysynaptically-coupled short pyramidal neurons in layers 6A 
and 6B. The somatodendritic domain of presynaptic  neurons in B1,2 is shown in red and that of postsynaptic 
neurons in black, respectively. (C1,2) Fluorescence light microscopy at 200-fold magnification with the 
appropriate emission and excitation filters, i.e. from left to right: Alexa 594: 591/621 nm (emission/excitation), 
FoxP2 conjugated to Alexa 488: 495/519 nm and both as superposition. Note, that in the monosynaptic  L6B-
to-L6B connection both multipolar neurons were FoxP2-negative, whereas in the polysynaptic L6B-to-L6A 
connection, the L6B pyramidal neuron was FoxP2-positive and the L6A pyramidal neuron FoxP2-negative. 
Arrows in C1,2 mark the soma positions of the presynaptic and postsynaptic  neurons. Scale bars in A1,2, 
B1,2, = 100 µm and in C1,2 = 40 µm.
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4.2.5 Morphological reconstructions, analysis and shrinkage correction
Biocytin-stained neuronal cell pairs were visualized by LM at a high magnification level (1,000-fold; 
i.e. 100-fold objective and 10-fold eyepiece) to identify the putative synaptic contacts. Putative 
synaptic contacts were defined as a close apposition of  the presynaptic axonal bouton and the 
postsynaptic dendrite in the same focal plane (Feldmeyer et al. 1999). Extended focus images or 
half-tone images of  the L6B connections were made upon 100-fold magnification with the aid of the 
Cell P® software (Figure 4-2 A1,2). Appropriate half-tone images of  all putative synaptic contacts of 
the monosynaptic L6B-L6B cell pair were acquired upon 1,000-fold magnification as well (Figure 
4-3). Next, 3D reconstructions of  the L6B connections were obtained by using the 
NEUROLUCIDA® software (Figure 4-2 B1,2; see also Glaser and Glaser 1990). During 
reconstruction, each position of  a possible synaptic contact was tagged by a marker. Finally, a 
shrinkage correction of 1.1 in the xy-dimensions and of 2.1 in the z-dimension was performed as 
supplied before (Marx et al. 2012). Morphological analyses and graphical reprocessing were done 
by the aid of NEUROEXPLORER® and Adobe Illustrator software. The appropriate soma-to-
synapse distances were calculated as the path length along the postsynaptic dendrite to the 
marker position of  the putative synaptic contact in 3D space. In addition, we calculated the soma-
to-synapse distances as well as the soma-to-soma distances by a coordinate system in 2D space 
for subsequent density and innervation domain maps.
4.2.6 Density maps and modeling of innervation domain maps in L6B connections
Dendritic and axonal length density maps of  the monosynaptically coupled L6B-L6B cell pair were 
constructed by a well-established method we already described in the preceding Chapters 1 and 
2. Synaptic connectivity can then be assessed by constructing so-called putative innervation 
domain maps (Lübke et al. 2003; Helmstaedter and Feldmeyer 2010; Radnikow  et al. 2012). Such 
maps are calculated by multiplying axonal density maps of presynaptic neurons with the dendritic 
density maps of  postsynaptic neurons. Subsequently, spatial low-pass filtering was performed to 
determine the iso-innervation density lines comprising 70%, 80% and 90% of the total innervation 
density (Lübke et al. 2003). The overlap of the presynaptic axonal domain with the postsynaptic 
dendritic domain provides an innervation domain which is interpretable as a zone of  high 
probability for the establishment of synaptic contacts. Furthermore, we wanted to identify the 
regions where synaptic L6B connections can occur. Therefore, we randomly selected up to eight 
3D neuronal cell reconstructions of each excitatory L6B subtype. Only neurons with a total cortical 
axon length of  at least ≥ 5,000 µm were chosen for this modeling. Axonal and dendritic length 
density maps were calculated for each neuronal L6B cell type. Next, we calculated the different 
innervation domains of the putative L6B-L6B cell pairs as described above. Thus our modeling 
leads to various innervation domain maps between all possible excitatory-excitatory cell-to-cell 
connections in layer 6B and with that in which regions the establishment of  synaptic contacts 
between putative L6B cell pairs could be expectable.
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4.3 Results
4.3.1 Intralaminar L6B-to-L6B and translaminar L6B-to-L6A connections
In our first paired recording studies of excitatory L6B connections we searched mainly for 
intralaminar L6B-to-L6B connections as well as for some translaminar L6B-to-L6A connections. 
Subsequently, we report about our first attempts to further investigate the connectivity of L6B 
neurons and their function in cortical circuitry. Considering the heterogeneous neuronal cell types 
in layer 6B (Chapter 1-3; see also Marx and Feldmeyer 2013), there are various possible L6B 
connection types. For reasons of  clarity we sorted putative excitatory L6B-to-L6B connections in 
two different classes. First, intralaminar connections between excitatory neurons of  the same cell 
type, i.e. pyramidal-pyramidal (Pyr-Pyr), inverted-inverted (Inv-Inv), tangential-tangential (Tang-
Tang), horizontal-horizontal (Hori-Hori) and multipolar-multipolar (Mpc-Mpc) connections. Second, 
intralaminar connections between excitatory neurons of different L6B cell types, e.g. pyramidal-
inverted (Pyr-Inv), pyramidal-tangential (Pyr-Tang), pyramidal-horizontal (Pyr-Hori) and pyramidal-
multipolar (Pyr-Mpc). Inhibitory L6B connections are currently not in the focus of this study.
4.3.1.1 First recordings: a monosynaptic intralaminar L6B-to-L6B Mpc-Mpc connection
So far, we tested 76 putative L6B-to-L6B as well as L6B-to-L6A connections. However, we found a 
relatively low  connectivity rate with 1 out of 76 tested connections, i.e. 1.4%. This connection was 
already identified as excitatory due to its characteristic firing pattern (Connors and Gutnick 1990) 
and subsequently confirmed by a high spine density in the post-hoc immunohistochemical staining 
of the presynaptic and postsynaptic neuron (Feldman and Peters 1978). Upon LM visualization 
(Figure 4-2 A1) and following 3D reconstruction (Figure 4-2 B1) we could identify this L6B-L6B cell 
pair as a Mpc-Mpc connection type. Both multipolar neurons in this Mpc-Mpc connection were 
located in the upper layer 6B and are therefore considered to be an intralaminar L6B-to-L6B 
connection. Immunofluorescence LM further reveals that both multipolar L6B neurons in this 
connection were FoxP2-negative (Figure 4-2 C1). Moreover, this connection has shown a close 
vicinity of the presynaptic and postsynaptic neuron with a soma-to-soma distance of 64.8 µm. 
Putative synaptic contacts were identified by LM at 1,000-fold magnification. The L6B-L6B Mpc-
Mpc cell pair shows only axo-dendritic synaptic connections, mainly established by en passant 
boutons. For this cell pair all four putative synaptic contacts were established on the uppermost 
dendrite (Figure 4-3). Two (M1 and M4) were located on the first-order dendrite, whereas the other 
two (M2 and M3) were located on the second-order branch of the same dendrite. The synaptic 
contacts M1, M2 and M4 were established in close vicinity to each other, while M3 was established 
more distantly. The synapse-to-soma distances of those four putative synaptic contacts were 172.3 
µm (M1), 171.2 µm (M2), 223.5 µm (M3) and 148.1 µm (M4), respectively. The mean synapse-to-
soma distance for the intralaminar L6B-to-L6B connection was therefore 178.8 ± 31.8 µm. The 
density maps illustrate the axonal and dendritic distribution as well as the calculated innervation 
domain of the presynaptic and postsynaptic neuron for the monosynaptic L6B-to-L6B Mpc-Mpc 
connection type (Figure 4-4). The predicted innervation domain suggests that possible synaptic 
contacts might be located predominantly in upper layer 6B and lower layer 6A. The light blue dots 
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in Figure 4-4 C1 illustrate the putative synaptic contacts within the innervation domain map. 
Hence, the predicted innervation domain is largely consistent with the location of possible synaptic 
contacts between this L6B-to-L6B connection.
Figure 4-3. Monosynaptic L6B-L6B multipolar cell pair and putative synaptic contacts. (A) 3D 
reconstruction of the monosynaptic  L6B-L6B multipolar cell pair. The somatodendritic domain of the 
presynaptic multipolar L6B neuron is in red, its axon in blue. For the postsynaptic multipolar L6B neuron the 
somatodendritic  structure is presented in gray and the axon in green, respectively. The barrels in layer 4 are 
represented by white rectangles and the putative synaptic  contacts as yellow dots. (B) Higher magnification 
of the region in A showing four light-microscopically identified, putative synaptic contacts and their 
appropriate half-tone images (M1, M2, M3 and M4). Here, putative synaptic contacts are marked by yellow 
circles. Scale bars in A = 100 µm, in B = 25 µm (3D reconstruction) and 10 µm (half-tone images), 
respectively.
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4.3.1.2 First recordings: a polysynaptic translaminar L6B-to-L6A Pyr-Pyr connection
Besides, we found a polysynaptic connection between two pyramidal neurons (Figure 4-2 A2-C2). 
During cell-attached stimulation we found a further putative connection, but with very long latencies 
(between 20-40 ms). However, this connection was considered to be polysynaptically since 
polysynaptic activity is responsible for late depolarization events with long latencies as it was 
described previously (Friauf and Shatz 1991; Agmon and Connors 1992; Cauller and Connors 
1994). However, we decided to re-patch the presynaptic neuron for a subsequent morphological 
analysis as well. The LM visualization (Figure 4-2 A2) and 3D reconstruction (Figure 4-2 B2) 
revealed that this polysynaptic connection occurred between two pyramidal neurons with one 
pyramidal neuron located in the upper layer 6B, whereas the other one was located in the lower 
layer 6A. Both pyramidal neurons had a short apical dendrite which projects only to layer 6A but 
not beyond. Thus we could possibly identify a polysynaptic and translaminar L6B-to-L6A 
connection of  the Pyr-Pyr connection type. The soma-to-soma distance between those 
polysynaptically-coupled pyramidal neurons in layers 6A and 6B was 58.5 µm. 
Immunocytochemical investigations exhibited that the L6B pyramidal neuron was found to be 
FoxP2-positive, whereas the L6A pyramidal neuron was FoxP2-negative (Figure 4-2 C2).
4.3.2 Preliminary physiological cell pair analyses upon ‘loose-seal’ stimulation
Unfortunately, in the monosynaptic L6B-to-L6B Mpc-Mpc connection it was not possible to maintain 
a stable access to the postsynaptic neuron after re-patching the presynaptic neuron. Therefore, we 
performed a first paired recording analysis only with recordings obtained during the ‘loose-seal’ 
stimulation. A representative electrophysiological example of  the excitatory intralaminar L6B-to-L6B 
connection between two L6B multipolar neurons is shown in Figure 4-5. This cell pair showed a 
relatively weak monosynaptic connection with mean EPSP amplitudes of 0.237 ± 0.218 mV for 
stimulus 1, 0.318 ± 0.232 mV for stimulus 2 and 0.441 ± 0.268 mV for stimulus 3, respectively. The 
averaged mean EPSP amplitude was 0.332 ± 0.239 mV. Furthermore, this connection shows fast 
20-80% rise times of  2.02 ± 1.56 ms, medium latencies of  6.98 ± 3.2 ms and a CV of 0.75 ± 0.16. 
Moreover, this L6B-to-L6B Mpc-Mpc connection exhibited a paired-pulse facilitation (PPF) with a 
PPR of 3.5 for EPSPStim.2/EPSPStim.1, 4.7 EPSPStim.3/EPSPStim.1, and 1.3 for EPSPStim.3/EPSPStim.2 
during the ‘loose-seal’ stimulation.
However, in a second putative connection we could only observe very long latencies with 32.4 ± 
9.4 ms (not shown). This suggests that the two neurons were coupled polysynaptically. As 
described above this polysynaptic connection occurred between a L6B and L6A pyramidal neuron 
(see 4.3.1.2). The physiological parameters of  this translaminar L6B-to-L6A connection were as 
follows: a mean EPSP amplitude of  0.873 ± 0.100 mV, a medium 20-80% rise time of  2.32 ± 1.79 
ms, a CV of 0.39 ± 0.33 and a PPR of 1.01 ± 0.09.
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4.3.3 Modeling of putative  innervation domain maps of different excitatory L6B-to-L6B cell 
type connections
We further calculated putative innervation domains of L6B neurons to identify the regions in which 
the probability is high to find possible synaptic connections. Therefore, we calculated putative 
innervation domains of  local L6B-to-L6B connections between excitatory neurons of the same cell 
type and excitatory neurons of different cell types. The innervation domain maps of  excitatory L6B-
to-L6B connections of the same cell type are shown in Figure 4-6, i.e. putative cell pairs of  the 
Pyr-Pyr, Inv-Inv, Tang-Tang, Hori-Hori and Mpc-Mpc connection type. For the excitatory L6B-to-L6B 
connections of different cell types we have limited this calculation of  innervation domains to 
postsynaptic L6B pyramidal neurons. Therefore, putative innervation domains were determined for 
possible Pyr-Pyr, Inv-Pyr, Tang-Pyr, Hori-Pyr and Mpc-Pyr connection types (Figure 4-7). The 
overlap of the axo-dendritic domain of the appropriate presynaptic and postsynaptic neurons 
predicts a putative innervation domain, i.e. the probability to find possible synaptic contacts of 
putative L6B-L6B neuronal cell pairs. We found that all possible excitatory intralaminar connection 
Figure 4-4. Density maps of the monosynaptic L6B-to-L6B Mpc-Mpc connection. (A1) Axonal density 
map of the presynaptic  L6B multipolar neuron and (A2) its appropriate morphological reconstruction. (B1) 
Dendritic density map of the postsynaptic  L6B multipolar neuron and (B2) its appropriate morphological 
reconstruction. (C1) Innervation domain of the monosynaptic  L6B-to-L6B Mpc-Mpc connection. (C2) 
Superposition of the presynaptic and postsynaptic multipolar neuron shown in A2 and B2. Putative synaptic 
contacts are shown as light blue dots in C1 and as yellow dots in C2, respectively. Barrels in layer 4 are 
presented by white rectangles. The white contour lines superimposed on the density maps (in A1, B1 and 
C1) enclose 70%, 80% and 90% of the integrated dendritic  and axonal length density or the predicted 
innervation domain. The somatodendritic  structure of the presynaptic  neuron is presented in red, the axon in 
blue. For the postsynaptic neuron, the somatodendritic  structure is presented in gray and the axon in green, 
respectively. Individual  cell  somata of the presynaptic (red dots) and postsynaptic neuron (black dots) are 
also shown. Scale bar = 200 µm.
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types have a high innervation probability in layer 6B and in lower layer 6A. Possible innervation 
domains of  Pyr-Pyr and Mpc-Mpc connections are also predicted for the upper layer 6A. In 
addition, L6B pyramidal neurons show  largely intracolumnar innervation domains, whereas the 
innervation domains of  inverted and especially tangential, horizontal and multipolar neurons are 
predicted to be more transcolumnar. Thus the possibility to find synaptically coupled L6B-L6B (as 
well as L6B-L6A) cell pairs is dependent on the specific cell type connection, with putative 
innervation domains in local layer 6B and the superficial layer 6A of the home and neighboring 
barrel columns.
Figure 4-5. Paired recording analysis of the monosynaptic L6B-to-L6B Mpc-Mpc connection upon 
‘loose-seal’ stimulation. (A1) Ten consecutive EPSPs (black traces) recorded in the postsynaptic L6B 
multipolar neuron elicited by three paired APs (i.e. red stimuli at 100 ms intervals) of the presynaptic L6B 
multipolar neuron in the ‘loose-seal‘ configuration. (A2) The average facilitating EPSP waveform of all 
consecutive EPSPs is shown in A1. (B) Individual EPSP amplitudes for each stimulus and sweep. (C) The 
bar diagram illustrates the mean EPSP amplitude per stimulus with 0.237 ± 0.218 mV for stimulus 1, 0.318 ± 
0.232 mV for stimulus 2 and 0.441 ± 0.268 mV for stimulus 3, respectively.
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Figure 4-6. Modeling of putative innervation domains of excitatory L6B-to-L6B connections of the 
same cell type. (A1) Axonal  density map of five putative presynaptic L6B pyramidal neurons. (A2) Dendritic 
density map of five putative postsynaptic  L6B pyramidal neurons. (A3) Modelling of the predicted innervation 
domain between putative L6B-to-L6B Pyr-Pyr connections. As shown in A the same applies for four (B1-3) 
L6B-to-L6B Inv-Inv, (C1-3) four L6B-to-L6B Tang-Tang, (D1-3) four L6B-to-L6B Hori-Hori  and (E1-3) four L6B-
to-L6B Mpc-Mpc connections. The white contour lines superimposed on the density length and innervation 
domain maps enclose 70%, 80% and 90% of the integrated dendritic and axonal density length and the 
predicted innervation domain as well. Individual cell  somata of the presynaptic  (red dots in A1-E1) and 
postsynaptic neurons (black dots in A2-E2) are also shown. Scale bar = 300 µm.
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4.4 Discussion
To our knowledge this is the first study about the connectivity within the microcircuits of layer 6B. 
Due to paired recording studies and simultaneously filling the presynaptic and postsynaptic 
neurons with biocytin and Alexa 594 we could identify so far only one putative cell pair upon its 
functional and structural properties as well as on its FoxP2 expression pattern. So far, we only 
managed to record from one monosynaptic L6B connection for which the connectivity rate was low 
(1 out of  76 tested connections, i.e.1.4%). This is clearly lower than that of  other intralaminar 
connections in both rat visual and barrel cortex with connectivity rates of  8.7% for L2/3-to-L2/3 
(Mason et al. 1991; Nicoll and Blakemore 1993), 20-25% for L4-to-L4 (Feldmeyer et al. 1999; 
Feldmeyer et al. 2006; Qi and Feldmeyer 2010), 10% for L5-to-L5 (Markram et al. 1997a) and 
29.4% for L6A-to-L6A (Qi and Feldmeyer 2010) connections. However, a few  studies have been 
reported on comparable low  connectivity rates of  1.5% in L5-to-L5 (Nicoll and Blakemore 1993) 
and 3.7% in L6A-to-L6A (Beierlein and Connors 2002; Mercer et al. 2005) connections. So far, our 
data about L6B connections is extremely preliminary and has to be treated with utmost caution 
since this data may change considerably as this study advances. Our paired recording studies 
were performed in in vitro brain slices of 350 µm thickness, therefore a reduced connectivity 
because of slicing artifacts and the truncation of  dendritic and especially axonal structures, 
respectively, can not be excluded.
Figure 4-7. Modeling of putative innervation domains between excitatory and inhibitory L6B-to-L6B 
connections of different cell types. (A) Dendritic density map of five putative postsynaptic L6B pyramidal 
neurons. (B1) Presynaptic  density map of the axonal  domain of five to six putative L6B pyramidal neurons. 
The same applies also for the other L6B cell  types, i.e. (C1) inverted, (D1) tangential, (E1) horizontal and (F1) 
multipolar neurons. Modeling of the predicted innervation domain of postsynaptic L6B pyramidal neurons in 
L6B-to-L6B connections of the (B2) Pyr-Pyr, (C2) Inv-Pyr, (D2) Tang-Pyr, (E2) Hori-Pyr and (F2) Mpc-Pyr 
connection type. The white contour lines superimposed on the density and innervation domain maps enclose 
70%, 80% and 90% of the integrated dendritic and axonal  length density and the predicted innervation 
domain as well. Individual cell  somata of the presynaptic  (red dots in B1-F1) and postsynaptic neurons (black 
dots in A) are also shown. Scale bar = 300 µm.
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We found a distinct monosynaptic intralaminar L6B-to-L6B connection between two excitatory 
multipolar neurons. The FoxP2 expression pattern of  the presynaptic and postsynaptic L6B 
multipolar neurons is consistent with our previous findings in Chapter 3 with both multipolar 
neurons being FoxP2-negative. This might be a first indication for the coexistence of  two neuronal 
networks in layer 6B, i.e. a FoxP2-positive and a FoxP2-negative intralaminar circuitry. In this 
monosynaptic L6B-L6B Mpc-Mpc connection we found that all possible synaptic contacts are 
established proximal to the soma with a mean synapse-to-soma distance of  178.8 ± 31.8 µm. 
Previous findings reported that 60-90% of the synaptic contacts between L2/3-L/23, L4-L4 and 
L5-5 cell pairs were mainly established on (basal) dendrites close to the soma, i.e. between 60-150 
µm (Markram et al. 1997a; Feldmeyer et al. 1999; Feldmeyer et al. 2002; Lübke et al. 2003; 
Feldmeyer et al. 2005; Le Bé and Markram 2006; Frick et al. 2007). Furthermore, this multipolar 
L6B cell pair showed a weak monosynaptic connection with a mean EPSP amplitude of  0.332 ± 
0.239 mV, a large CV of 0.75 ± 0.16 and a PPF with a mean PPR of 3.2 ± 1.7. In contrast, strong 
monosynaptic connections, e.g. in L2/3-to-L2/3, L2/3-to-L4 and L4-to-L4 connections, show  a 
much higher mean EPSP amplitude in the range of  0.5-1.5 mV or higher (Feldmeyer et al. 1999; 
Feldmeyer et al. 2002; Holmgren et al. 2003; Silver et al. 2003; Feldmeyer et al. 2006). It has been 
shown that distal synapse-to-soma distances show  depression, whereas proximal distances show 
facilitation which applies to our L6B-L6B Mpc-Mpc cell pair (Froemke et al. 2005; Letzkus et al. 
2006; Sjöström and Häusser 2006). PPF suggests a low  transmitter release probability in the 
presynaptic neuron. Thus short-term plasticity allows to modulate the synaptic efficacy of 
monosynaptic connections (Zucker 1989; Stratford et al. 1996; Tarczy-Hornoch et al. 1999; Zucker 
and Regehr 2002; Torres-Reveron and Friedlander 2007). However, this study is at a very early 
stage, but several findings about the L6B connectivity allow  some suggestions regarding the 
function of  L6B neurons. In the preceding Chapters 2 and 3 we suggested that the SP partly 
constitutes as layer 6B into adulthood. This was shown upon a morphological comparison and on a 
consistent FoxP2 expression. However, intense PPF has been reported for intralaminar SP 
connections (Hirsch and Luhmann 2008) as well as polysynaptic SP connections with long-lasting 
latencies between 30-100 ms (Luhmann and Prince 1990; Hanganu et al. 2002). In addition, 
facilitating synapses could be a further evident for cortical layer 6B being a modulator of 
widespread excitation (Arimatsu et al. 2003; Bayer et al. 2004; Beglopoulos et al. 2005; Sakurai 
2007; Chung et al. 2009). PPF is very prominent during the waking state while paired-pulse 
depression occurs during sleep (Austin et al. 1989). This is in accordance with our hypothesis that 
some physiological aspects of the SP persist into adulthood in terms of layer 6B as well. 
Nevertheless, this data about L6B connections has to be considered very preliminary. Future 
studies with additional paired recordings of  intralaminar/translaminar and intracolumnar/
transcolumnar L6B connections are absolutely necessary to achieve a reliable data set. Thus a 
classification of  layer 6B and its functional role in the more mature and adult cortex as well as a 
comparison with other cortical connections in the somatosensory cortex will become possible.
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Abbreviations
3D   three-dimensional
ABC   avidin-biotinylated complex
ACSF   artificial cerebrospinal fluid
AHP   afterhyperpolarization
AP   action potential
ATP   adenosine triphosphate
C   cluster
CA   cluster analysis
CaCl2   calcium chloride
CC   corticocortical
CNS   central nerve system
CO2   carbon dioxide
CoCl2   cobalt chloride
CP   cortical plate
CPStria   caudate putamen (striatum)
Cplx3   complexin 3
CT   corticothalamic
C-terminus  carboxy-terminus
CTFG   connective tissue growth factor
D1DR   dopamine 1 dopamine receptor
DA   dopamine
DAB   3-3‘-diaminobenzidine
DAPI   4′,6-diamidine-2-phenylindole 
DARPP-32  dopamine and cyclic adenosine 3,5-monophosphate regulated protein 32
DIC   differential interference contrast
EFI   extended focus image
FELASA  Federation of European Laboratory Animal Science Association
FS   fast spiking
FOXP2  forkhead-box protein P2; human terminology
FoxP2, Foxp2  forkhead-box protein P2; terminology for non-human species, e.g. songbirds 
   and rodents 
foxp2   forkhead-box protein P2; terminology for osteichthyes, e.g. zebra fish
GABA   gamma-aminobutyric acid
GFP   green fluorescent protein
GTP   guanosine triphosphate
H2O2   hydrogen peroxide
HCl   hydrochloride
HEPES  2-(4-(2-hydroxyethyl)-1-piperazin)-ethanesulfonic acide
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HipF   hippocampal formation; hippocampus
HRP   horseradish peroxidase
IgG   immunoglobuline G
iPC   intracolumnar pyramidal cells
IR   infra-red
ISI   inter-spike intervall
KCl   potassium chloride
KOH   potassium hydroxide
L   layer or lamina
LANUV  Landesamt für Natur, Umwelt und Verbraucherschutz
LC   limbic cortex
LM   light microscopy
Lpar1   lysophosphatidic acid receptor 1
MC   motor cortex
MgCl2   magnesium chloride
MZ   marginal zone
(NaH4)2Ni(SO4)2 ammonium nickel sulphate hydrate
NAcc   nucleus accumbens
NaCl   sodium chloride
NaC3H4O3  sodium pyruvate
NaHCO3  sodium hydrogen carbonate
Na2HPO4  disodium hydrogen phosphate
NaH2PO4  sodium dihydrogen phosphate
NaOH   sodium hydroxide
NPY   neuropeptide Y
N-terminus  amino-terminus / NH2-terminus
Nurr1   nuclear receptor-related 1 protein
O2   oxygen
OsO4   osmium tetroxide
P   postnatal day
P value  probability value
PB   phosphate buffer
PBS   phosphate buffered saline
PC   primary olfactory cortex
PFA   paraformaldehyde
Pia   pial surface or pia mater
POm   posteromedial nucleus (thalamic nucleus)
PP   polar plot
PV   parvalbumine
RMP   resting membrane potential
Abbreviations
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RS   regular spiking
RT   room temperature
S1   primary somatosensory cortex
S2   secondary somatosensory cortex
SOM   somatostatin
SP   subplate
STD   standard
Str   striatum
τ   membrane time constant
Th   thalamus
tPC   transcolumnar pyramidal cells
Tris   tris(hydroxmethyl) aminomethane
Tu   olfactory tubercle
VIP   vasoactive intestinal peptide
VPM   ventral posteromedial nucleus (thalamic nucleus)
WM   white matter
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List of Materials
All materials, equipment and installations used in this thesis are summarized in the following lists. 
Extracts from those lists were partly adopted from Marx et al. 2012.
Materials used for brain tissue preparation and for recording studies
➡ Adenosine 5`-triphosphate magnesium salt (ATP; Sigma-Aldrich, cat. no. A9187; Munich, 
Germany)
➡ Ascorbic acid (Fluka, cat. no. 95209; Munich, Germany)
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Germany)
➡ Isoflurane (cp-pharma, cat. no. B28H10A; Burgdorf, Germany)
➡ Magnesium chloride hexahydrate (MgCl2; Merck, cat. no. 1.05833; Darmstadt, Germany)
➡ Myo-inositol (Merck, cat. no. 1.04507; Darmstadt, Germany)
➡ Phosphocreatine disodium salt hydrate (Sigma-Aldrich, cat. no. P7936; Munich, Germany)
➡ Potassium chloride (KCl; Merck, cat. no. 1.04938; Darmstadt, Germany)
➡ Potassium D-gluconate (Fluka, cat. no. 60245; Munich, Germany)
➡ Potassium hydroxide solution (KOH, 1N; Sigma-Aldrich, cat. no. 31,937-6; Munich, Germany)
➡ Sodium chloride (NaCl; Merck, cat. no. 1.06404; Darmstadt, Germany)
➡ Sodium D-gluconate (Fluka, cat. no. 186333; Munich, Germany)
➡ Sodium dihydrogen phosphate monohydrate (NaH2PO4; Merck, cat. no. 1.06580; Darmstadt, 
Germany)
➡ Sodium hydroxide solution (1N; Sigma-Aldrich, cat. no. 31,951-1; Munich, Germany)
➡ Sodium hydrogen carbonate (NaHCO3; Merck, cat. no. 1.06329; Darmstadt, Germany)
➡ Sodium pyruvate (NaC3H4O3; Sigma-Aldrich, cat. no. P2256; Munich, Germany)
Materials used for tissue fixation, immunocytochemistry and immunohistochemistry
➡ 3,3`-diaminobenzidine (DAB) tetrahydrochloride (Sigma-Aldrich, cat. no. D5905; Munich, 
Germany)
➡ Alexa Fluor® 350, donkey-anti-rabbit IgG (A10039; Invitrogen, Darmstadt, Germany)
➡ Alexa Fluor® 488, rabbit-anti-goat IgG(A11078; Invitrogen, Darmstadt, Germany)
➡ Alexa Fluor® 488, chicken-anti-goat IgG (A21467; Invitrogen, Darmstadt, Germany)
➡ Alexa Fluor® 568, rabbit-anti-mouse IgG (A11061; Invitrogen, Darmstadt, Germany)
➡ Alexa Fluor® 594 biocytin salt (A12922; Invitrogen, Darmstadt, Germany)
➡ Ammonium nickel sulphate hydrate ((NH4)2Ni(SO4)2; Fluka, cat. no. 9885; Munich, Germany)
➡ Calcium chloride dihydrate (CaCl2; Merck, cat. no. 1.02382; Darmstadt, Germany)
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➡ Cobalt chloride (CoCl2; Sigma-Aldrich, cat. no. C2644; Munich, Germany)
➡ D1DR (H-109), rabbit-anti-D1DR (sc-14001; Santa Cruz Biotechnology, Heidelberg, Germany)
➡ DAPI dihydrochloride nucleic acid stain (D1306; Invitrogen, Darmstadt, Germany)
➡ Disodium hydrogen phosphate monohydrate (Na2HPO4; Merck, cat. no. 1.06346; Darmstadt, 
Germany)
➡ FoxP2 (N-16), goat-anti-FoxP2 (sc-21069; Santa Cruz Biotechnology, Heidelberg, Germany)
➡ HEPES (Sigma-Aldrich, cat. no. H3375; Munich, Germany)
➡ Hydrogen peroxide solution (H2O2, 30%; Merck, cat. no. 1.07209 ; Darmstadt, Germany)
➡ NeuN, mouse-anti-NeuN (MAB377; Merck-Millipore, Schwalbach, Germany)
➡ Osmium tetroxide (OsO4; Sigma-Aldrich, cat. no. 19110; Munich, Germany) 
➡ Paraformaldehyde powder (PFA; Sigma-Aldrich, cat. no. 15,812-7; Munich, Germany)
➡ Sodium dihydrogen phosphate monohydrate (NaH2PO4; Merck, cat. no. 1.06580; Darmstadt, 
Germany)
➡ Sucrose (Sigma-Aldrich, cat. no. 16104; Munich, Germany)
➡ Triton X-100 (Sigma-Aldrich, cat. no. X100; Munich, Germany)
➡ Vectastain ABC (avidin-biotin complex) elite kit (Vector Laboratories Inc, cat. no. PK6100; 
Burlingame, CA, USA)
Materials used for Eukitt, Moviol and Durcupan embedding
➡ Chromium(III) potassium sulphate dodecahydrate (VWR GmbH, cat. no. 21095.293; Darmstadt, 
Germany)
➡ Durcupan (ACM Fluka, Buchs, Switzerland)
➡ Ethanol (Merck, cat. no. 8.18760; Darmstadt, Germany)
➡ Eukitt embedding medium (Poly(butyl methacrylate-co-methyl methacrylate); Fluka, cat. no. 
03989; Munich, Germany); Eukitt is a registered trademark of O.Kindler GmbH (Freiburg, 
Germany)
➡ Gelatine (Fluka, cat. no. 04055; Munich, Germany)
➡ Moviol 4-88 (Calbiochem, cat. no. 475904; Darmstadt, Germany)
➡ Tris-HCl (Tris(hydroxymethyl) amino methane hydrochloride; Merck, cat. no. 1.08382, 
Darmstadt, Germany)
➡ Xylene (Merck, cat. no. 1.08681; Darmstadt, Germany)
Equipment and installations used for brain tissue preparation and for recording studies
➡ Borosilicate glass capillaries (outer diameter 1.5 mm, inner diameter 0.9 mm; Hilgenberg 
GmbH, cat. no. 1807502; Malsfeld, Germany)
➡ EPC 10 triple amplifier (HEKA Elektronik, Lambrecht, Germany)
➡ EyeTV® software (Version 3.5.4 (6789); Elgato Munich, Germany)
➡ Faraday cage (HEKA Elektronik, Lambrecht, Germany)
➡ IR filter (RG9; Schott, Mainz, Germany)
➡ IR camera VX55 (2813 CA052; TILL Photonics, Gräfelfing, Germany)
➡ Micromanipulators (LM-5, SM-5; Luigs & Neumann GmbH, Ratingen, Germany)
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➡ Micropipette puller (P-97; Sutter Instruments, Novato, USA)
➡ Microtome (Microm HM650V; Microm International GmbH, Walldorf, Germany)
➡ Microtome (TPI, St. Louis, USA)
➡ Monochrome monitors (WV-BM 1410; Panasonic; Hamburg, Germany)
➡ Patchmaster® software (Version v2x53; HEKA Elektronik, Lambrecht, Germany)
➡ Razor blades: Gillette Super Silver (Procter & Gamble, Schwalbach am Taunus, Germany)
➡ Slice chamber (custom-made)
➡ Set of  dissection instruments (scissors, forceps, spatula, etc.; Fine Science Tools, Heidelberg, 
Germany)
➡ Ultrasonic bath (Transonic Digitals; D-78224; Elma, Singen, Germany)
➡ Upright microscope BX51 WI (Olympus, Hamburg, Germany) with a motorized fixed stage and 
fitted with 4x Plan/0.13 NA and 40x W/0.8 NA objectives
Equipment and installations for tissue fixation and immunocytochemistry
➡ Moist chamber (custom-made)
➡ Multi-well plates (6 or 12 wells; BD Bioscience, Heidelberg, Germany)
➡ Shaker (KS 260 basic; IKA, Staufen, Germany)
➡ Small vials (10 ml, 22x45; VWR GmbH, Langenfeld, Germany)
Equipment and installations for embedding procedures
➡ Adhesive, silane-coated Histobond microscope slides (Marienfeld Lab. Glassware, Lauda 
Königshofen, Germany)
➡ Fine brush
➡ Coverslips (0.055-0.080 mm; Menzel-Gläser, Braunschweig, Germany)
➡ Standard microscope VWR GmbH, cat. no. 631-1553; Darmstadt, Germany)
➡ Microcentrifuge tubes
Equipment and installations for 3D reconstructions and analysis
➡ Grapher® software (Version 8.5.733; Golden Software, Golden, USA)
➡ Igor 6 Pro® software (WaveMetrics, Lake Oswego, USA)
➡ Illustrator® software (C3, Version 13.0.2; Adobe Systems, Munich, Germany)
➡ iWork (Version 4.1 (923); Apple, Cupertino, USA)
➡ Mathematica (Version 4.1.0.0; Wolfram Research, Champaign, USA)
➡ MatLab (Version 6.5.0; Ismaning, Germany)
➡ Neurolucida® and Neuroexplorer® reconstruction and analysis software (Version 10.02, 32-Bit; 
Microbrightfield Biosciences, MBF, Williston, VT, USA)
➡ NEURON (Version 7.2; http://www.neuron.yale.edu)
➡ Office:mac 2004 & Office 2010 (Microsoft, Redmond, USA)
➡ Upright microscope (Olympus BX61; Olympus, Hamburg, Germany) with a computerized stage 
(Microbrightfield Europe, Magdeburg, Germany)
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Equipment and installations for immunofluorescence imaging
➡ Cell P® software (Version 3.4 (2640); Olympus, Hamburg, Germany)
➡ Upright microscope (Olympus BX61, Olympus, Hamburg Germany)
➡ ImageJ software (Version 1.44g; National Institute of Health; http://rsbweb.nih.gov)
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Immunofluorescence protocol for FoxP2 immunostaining
Fixative solution
  1. Fix the brain slices in 100 mM phosphate buffer (PB) solution containing 4% 
 paraformaldehyde (PFA) at 4 °C and for at least 12-24 h in the dark.
  2. Wash the brain slices six to eight times in 100 mM PB each for 10 min.
Blocking and permeabilization solution
  3. Transfer the brain slices into a block and permeabilization solution containing 1% 
 powdered milk and 0.5% Triton X-100.
  4. Incubate the brain slices in the blocking and permeabilization solution at room 
 temperature (RT) for 2-4 h in the dark and on a shaker.
  5. Wash brain slices again six to eight times in 100 mM PB each for 10 min.
Primary antibody solution
  6. Dilute goat-anti-FoxP2 (N-16): sc-21069 primary antibody (1:500) with 100 mM PB and 
 0.5% Triton X-100.
  7. Incubate the brain slices in the primary antibody solution at 4 °C overnight or at RT 
 for 1 h, both in the dark and on a shaker.
Secondary antibody solution
  8. Dilute rabbit-anti-goat IgG or chicken-anti-goat IgG Alexa Fluor® 488 secondary 
 antibody (1:400) with 100 mM PB and 0.5% Triton X-100.
  9. Incubate the brain slices in the secondary antibody solution at RT for 2-3 h in the 
 dark and on a shaker.
10. Wash brain slices again six to eight times in 100 mM PB each for 10 min.
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Immunofluorescence protocol for D1DR immunostaining
Fixative solution
  1. Fix the brain slices in 100 mM phosphate buffer (PB) solution containing 4%
 paraformaldehyde (PFA) at 4 °C and for at least 12-24 h in the dark.
  2. Wash the brain slices six to eight times in 100 mM PB each for 10 min.
Blocking and permeabilization solution
  3. Transfer the brain slices into a block and permeabilization solution containing 1%
 powdered milk and 0.5% Triton X-100.
  4. Incubate the brain slices in the blocking and permeabilization solution at room 
 temperature (RT) for 2-4 h in the dark and on a shaker.
  5. Wash brain slices again six to eight times in 100 mM PB each for 10 min.
Primary antibody solution
  6. Dilute rabbit-anti-D1DR (H-109): sc-14001 primary antibody (1:300) with 100 mM PB and 
 0.5% Triton X-100.
  7. Incubate the brain slices in the primary antibody solution at 4 °C overnight or at RT
 for 1 h, both in the dark and on a shaker.
Secondary antibody solution
  
  8. Dilute donkey-anti-rabbit IgG Alexa Fluor® 350 secondary antibody (1:400) with 
 100 mM PB and 0.5% Triton X-100.
  9. Incubate the brain slices in the secondary antibody solution at RT for 2-3 h in the 
 dark and on a shaker.
10. Wash brain slices again six to eight times in 100 mM PB each for 10 min.
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Immunofluorescence protocol for FoxP2 and D1DR double immunostaining
Fixative solution
  1. Fix the brain slices in 100 mM phosphate buffer (PB) solution containing 4% 
 paraformaldehyde (PFA) at 4 °C and for at least 12-24 h in the dark.
  2. Wash the brain slices six to eight times in 100 mM PB each for 10 min.
Blocking and permeabilization solution
  3. Transfer the brain slices into a block and permeabilization solution containing 1% 
 powdered milk and 0.5% Triton X-100.
  4. Incubate the brain slices in the blocking and permeabilization solution at room 
 temperature (RT) for 2-4 h in the dark and on a shaker.
  5. Wash brain slices again six to eight times in 100 mM PB each for 10 min.
Primary antibody solution
  6. Dilute goat-anti-FoxP2 (N-16): sc-21069 (1:500) and rabbit-anti-D1DR (H-109): 
 sc-14001 (1:300) primary antibodies with 100 mM PB and 0.5% Triton X-100.
  7. Incubate the brain slices in the primary antibody solution at 4 °C overnight or at RT 
 for 1 h, both in the dark and on a shaker.
Secondary antibody solution
  8. Dilute rabbit-anti-goat IgG or chicken-anti-goat IgG Alexa Fluor® 488 (1:400) 
 and donkey-anti-rabbit IgG Alexa Fluor® 350 (1:400) secondary antibody with
 100 mM PB and 0.5% Triton X-100.
  9. Incubate the brain slices in the secondary antibody solution at RT for 2-3 h in the 
 dark and on a shaker.
10. Wash brain slices again six to eight times in 100 mM PB each for 10 min.
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Immunofluorescence protocol for FoxP2 and DAPI double immunostaining
Fixative solution
  1. Fix the brain slices in 100 mM phosphate buffer (PB) solution containing 4% 
 paraformaldehyde (PFA) at 4 °C and for at least 12-24 h in the dark.
  2. Wash the brain slices six to eight times in 100 mM PB each for 10 min.
Blocking and permeabilization solution
  3. Transfer the brain slices into a block and permeabilization solution containing 1% 
 powdered milk and 0.5% Triton X-100.
  4. Incubate the brain slices in the blocking and permeabilization solution at room 
 temperature (RT) for 2-4 h in the dark and on a shaker.
  5. Wash brain slices again six to eight times in 100 mM PB each for 10 min.
Primary antibody solution
  6. Dilute goat-anti-FoxP2 (N-16): sc-21069 primary antibody (1:500) with 100 mM PB and 
 0.5% Triton X-100.
  7. Incubate the brain slices in the primary antibody solution at 4 °C overnight or at RT 
 for 1 h, both in the dark and on a shaker.
Secondary antibody solution
  
  8. Dilute rabbit-anti-goat IgG or chicken-anti-goat IgG Alexa Fluor® 488 secondary 
 antibody (1:400) with 100 mM PB and 0.5% Triton X-100.
  9. Add 4‘,6-diamino-2-phenylindole dihydrochloride; DAPI (e.g. 1:500, 1:1000,  1:3000) to 
 the secondary antibody solution to counterstain nuclei as well.
10. Incubate the brain slices in the secondary antibody solution at RT for 2-3 h in the 
 dark and on a shaker.
11. Wash brain slices again six to eight times in 100 mM PB each for 10 min.
Immunofluorescence protocols
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Immunofluorescence protocol for FoxP2 and NeuN double immunostaining
Fixative solution
  1. Fix the brain slices in 100 mM phosphate buffer (PB) solution containing 4% 
 paraformaldehyde (PFA) at 4 °C and for at least 12-24 h in the dark.
  2. Wash the brain slices six to eight times in 100 mM PB each for 10 min.
Blocking and permeabilization solution
  3. Transfer the brain slices into a block and permeabilization solution containing 1% 
 powdered milk and 0.5% Triton X-100.
  4. Incubate the brain slices in the blocking and permeabilization solution at room 
 temperature (RT) for 2-4 h in the dark and on a shaker.
  5. Wash brain slices again six to eight times in 100 mM PB each for 10 min.
Primary antibody solution
  6. Dilute goat-anti-FoxP2 (N-16): sc-21069 (1:500) and mouse-anti-NeuN MAB 377 
 (1:250) primary antibodies with 100 mM PB and 0.5% Triton X-100.
  7. Incubate the brain slices in the primary antibody solution at 4 °C overnight or at RT 
 for 1 h, both in the dark and on a shaker.
Secondary antibody solution
  
  8. Dilute chicken-anti-goat IgG Alexa Fluor® 488 (1:400) and rabbit-anti mouse 
 Alexa Fluor® 568 (1:600) secondary antibodies with 100 mM PB and 0.5% 
 Triton X-100.
  9. Incubate the brain slices in the secondary antibody solution at RT for 2-3 h in the 
 dark and on a shaker.
10.   Wash brain slices again six to eight times in 100 mM PB each for 10 min.
Immunofluorescence protocols
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Immunofluorescence protocol for FoxP2, NeuN and DAPI triple immunostaining
Fixative solution
  1. Fix the brain slices in 100 mM phosphate buffer (PB) solution containing 4% 
 paraformaldehyde (PFA) at 4 °C and for at least 12-24 h in the dark.
  2. Wash the brain slices six to eight times in 100 mM PB each for 10 min.
Blocking and permeabilization solution
  3. Transfer the brain slices into a block and permeabilization solution containing 1% 
 powdered milk and 0.5% Triton X-100.
  4. Incubate the brain slices in the blocking and permeabilization solution at room 
 temperature (RT) for 2-4 h in the dark and on a shaker.
  5. Wash brain slices again six to eight times in 100 mM PB each for 10 min.
Primary antibody solution
  6. Dilute goat-anti-FoxP2 (N-16): sc-21069 (1:500) and mouse-anti-NeuN MAB 377 
 (1:250) primary antibodies with 100 mM PB and 0.5% Triton X-100.
  7. Incubate the brain slices in the primary antibody solution at 4 °C overnight or at RT 
 for 1 h, both in the dark and on a shaker.
Secondary antibody solution
  
  8. Dilute chicken-anti-goat IgG Alexa Fluor® 488 (1:400) and rabbit-anti-mouse 
 Alexa Fluor® 568 (1:600) secondary antibodies with 100 mM PB and 0.5% 
 Triton X-100.
  9. Add 4‘,6-diamino-2-phenylindole dihydrochloride; DAPI (e.g. 1:500, 1:1000,  1:3000) to 
 the secondary antibody solution to counterstain nuclei as well.
10. Incubate the brain slices in the secondary antibody solution at RT for 2-3 h in the 
 dark and on a shaker.
11.    Wash brain slices again six to eight times in 100 mM PB each for 10 min.
Immunofluorescence protocols
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Supplemental Figure 1. FoxP2 expression in different cortical and subcortical brain regions of the 
rat. Transmitted light fluorescence image of a thalamocortical brain slice of the rat. FoxP2 is expressed 
throughout different cortices, e.g. in the primary and secondary somatosensory cortex (S1, S2) and in the 
motor cortex (MC). Cortical FoxP2 expression is located exclusively in neocortical layer 6, while upper 
neocortical layers 1-5 are FoxP2-negative. FoxP2 expression pattern is diverse in different subcortical brain 
regions. The hippocampal  formation (HipF) has no FoxP2 expression, while in the caudate putamen of  the 
dorsal striatum (CPStria) and in the thalamus (Th) a high FoxP2 expression can be detected. However, the 
FoxP2 expression is much stronger in the posteromedial nucleus (POm) than in the ventral posteromedial 
nucleus (VPM) of the thalamus. LC, limbic cortex; NAcc, nucleus accumbens; PC, primary olfactory cortex; 
Tu, olfactory tubercle; WM, white matter. Scale bar = 1 mm.
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Supplemental Figure 2. Different DA effects of a L6A and L6B pyramidal neuron. (A) Changes of the 
RMP are shown for two pyramidal  neurons before (control) and during DA application (effect). (A1) The L6B 
pyramidal neuron shows a depolarizing DA effect, whereas (A2) the L6A pyramidal neuron shows a 
hyperpolarizing DA effect. (B1,2) The corresponding firing pattern of the neurons described in A1 and A2 are 
shown. Red traces show the AP firing under control  conditions and black traces the changes in the firing 
pattern after DA application, respectively. (C) The 3D reconstruction of a L6A and L6B neuron are shown by 
their laminar position. The dendritic domains are presented in red and the axonal domains in blue. Scale bar 
in C = 100 µm.
Supplemental Figures
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Abstract
In this study the intralaminar and translaminar microcircuits involving excitatory and inhibitory 
neurons in layer 6B of the somatosensory rat barrel cortex were classified on their structure, 
function and on a possible FoxP2 expression to gain further information about layer 6B and which 
role it may play in cortical circuitry during the early postnatal, adolescent and adult brain.
We found a distinct layer 6B (L6B) cell clustering and identified five major excitatory cell types. We 
further classified two pyramidal subtypes similar to corticocortical and corticothalamic L6A neurons. 
In addition, we compared the subplate (SP) morphology to those of  layer 6B and identified the 
same five distinct cell types. We suggest that SP neurons may persist at least in part from the 
developing SP into adulthood and hypothesize that neocortical layer 6B consists of a mixture of 
newborn pyramidal and persistent non-pyramidal cells. Moreover, we analyzed the expression of 
the forkhead-box protein P2 (FoxP2) which is exclusively expressed in neocortical layer 6 neurons 
and found a ratio of 2:1 between FoxP2-positive and FoxP2-negative L6 cells. L6B pyramidal 
neurons were consistently found to be FoxP2-positive, while non-pyramidal excitatory projection 
neurons and interneurons in layer 6B were almost entirely FoxP2-negative. Additional 
neuromodulation studies revealed that each L6B cell type showed a dopamine-induced 
depolarization effect independently of  its FoxP2 expression. Finally, we attempted to investigate 
the synaptic connectivity of  L6B neurons. However, this subproject is at a very early stage and the 
connectivity rate is very low  (~1.4%). Herein, we report about one monosynaptic L6B-to-L6B 
connection between two multipolar neurons showing short-term facilitation. Furthermore, we report 
about the putative innervation domain maps of excitatory L6B connections which might reveal a 
main innervation zone in cortical layers 6A and 6B of the cortical home and neighboring barrel 
columns.
We can summarize that the SP as well as layer 6B comprise a comparable and distinct 
heterogeneous cell population in the early postnatal and adult somatosensory cortex. We suggest 
that layer 6B may partly constitute as a remnant of the SP. We further determined an isolated 
FoxP2 expression pattern for specific L6B cell types independently from a dopaminergic 
neuromodulation. Paired recording studies unveiling the L6B connectivity are yet preliminary and 
have to be expanded.
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Zusammenfassung
In dieser Studie wurden die intralaminaren und translaminaren Mikroschaltkreise von exzita-
torischen und inhibitorischen Lamina 6B (L6B) Neuronen anhand von Struktur, Funktion und einer 
möglichen FoxP2 Expression untersucht als auch welche Rolle die neokortikale Lamina 6B im 
frühen postnatalen, adoleszenten und adulten somatosensorischen Areal im Barrel-Kortex der 
Ratte einnehmen könnte. Wir haben anhand einer eindeutigen Cluster-Bildung fünf individuelle 
exzitatorische L6B Zelltypen identifiziert und zwei Subkategorien von L6B Pyramidenzellen ähnlich 
zu den kortikokortikalen und kortikothalamischen L6A Neuronen nachweisen können.
Eine vergleichbare und eindeutige Morphologie mit den gleichen neuronalen Zelltypen konnte in 
der Subplate (SP) nachgewiesen werden. Wir vermuten, dass Lamina 6B zumindest partiell aus 
der während der Kortikogenese vorhandenen SP hervorgeht und behaupten, dass die neokortikale 
Lamina 6B aus neugeborenen Pyramidenzellen und nicht-pyramidalen Neuronen bestehen 
könnte. In einer weiteren Studie wurde die Expression des Forkhead-Box Proteins P2 (FoxP2) 
untersucht, welches ausschließlich in neokortikalen Neuronen der Lamina 6 exprimiert wird. Wir 
haben eine Relation von FoxP2-positiven zu FoxP2-negativen L6 Neuronen von 2:1 nachweisen 
können. Ausschließlich L6B Pyramidenzellen zeigen eine konsistente FoxP2 Expression, 
wohingegen nicht-pyramidale Projektionsneurone und Interneurone nahezu FoxP2-negativ sind. In 
zusätzlichen Neuromodulationsstudien konnten wir zeigen, dass eine Dopamin-Applikation in 
jedem einzelnen L6B Zelltyp, unabhängig von dessen FoxP2 Expression, einen De-
polarisationseffekt hervorruft. Abschließend wurden die intralaminaren und translaminaren 
synaptischen L6B Verbindungen untersucht, wobei dieses Teilprojekt sich noch in einer sehr 
frühen Phase befindet. Aufgrund der vorläufigen Daten ist die Konnektivitätsrate in Lamina 6B sehr 
gering (~1.4%). Aktuell konnten wir nur eine monosynaptische L6B-L6B Verbindung zwischen zwei 
multipolaren Neuronen mit einer kurzzeitigen synaptischen Faszilitation nachweisen. Anhand von 
putativen Innervationsdomänen von exzitatorischen L6B Verbindungen hat sich gezeigt, dass 
deren primäre Innervationszone in den Laminae 6A und 6B der kortikalen Heimkolumne als auch 
benachbarter Kolumnen liegen dürfte.
Zusammenfassend lässt sich sagen, dass die frühe postnatale SP und späte postnatale und adulte 
Lamina 6B aus vergleichbaren heterogenen Zellpopulationen bestehen. Wir vermuten, dass L6B 
Neuronen ein Relikt der früheren Subplate darstellen könnten. Weiterhin konnten wir aufzeigen, 
dass eine auf Lamina 6 begrenzte FoxP2-Expression nur in spezifischen L6B Neuronen stattfindet 
unabhängig von einer dopaminergen Neuromodulation. Studien zur Aufklärung der L6B 
Konnektivität mittels Paarableitungen sind zur Zeit vorläufig und müssen ausgebaut werden. 
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